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The ultimate goal of endodontic treatment is the complete removal of bacteria, their by-products 
and pulpal remnants from infected root canals and the complete seal of disinfected root canals. In 
endodontics, chemo-mechanical preparation (a combination of chemical irrigants and mechanical 
instrumentation) of the root canals is regarded as the most essential step for combating microbial 
challenges in the root canal system. However, numerous studies in literature indicate that even 
after conventional root canal disinfection techniques of the highest technical standards, the 
prepared root canal system may still harbor pulpal remnants and residual bacteria. In the past, 
bacteriologic studies were conducted on bacteria in suspension (planktonic state), ignoring the 
importance of bacterial aggregates and biofilms. Ironically, it has been established that in nature, 
pure cultures of planktonic bacteria rarely exist. Bacterial aggregates and biofilms are said to 
represent a common mechanism for the survival of bacteria in nature. It has been reported that 
bacterial co-aggregation is a key mechanism in the development of biofilms. Previous studies 
have highlighted the importance of bacterial aggregates, co-aggregates and sessile biofilms in 
root canal infections. Moreover, it has been said that the harsh environmental conditions 
prevailing in the root canal may favor the growth of bacteria as a biofilm considering that the 
biofilm mode of growth represents an important survival strategy. In this context, it is crucial to 
understand the growth of individual bacterial species in different modes and elucidate the 
influence of these growth modes on the survival of the bacteria when faced with an antimicrobial 
challenge.  
The limitations of conventional root canal disinfection techniques coupled with the emergence of 
antimicrobial resistant strains of pathogenic bacteria necessitates effective alternate treatment 
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strategies. Recently, Light Activated Disinfection (LAD) has emerged as a possible supplement 
to the existing protocols for root canal disinfection. So far, many studies have demonstrated the 
LAD-mediated inactivation of various species of pathogens. However, not many studies have 
correlated the efficacy of LAD to inactivate bacteria in different growth modes.  
This study aims to evaluate the influence of bacterial growth modes on the susceptibility to LAD. 
Experiments were conducted in two phases. In Phase-1, cationic and anionic photosensitizers in 
the LAD-mediated inactivation of four-day old Enterococcus faecalis biofilms were evaluated 
and compared. The results showed that LAD using phenothiazinium cationic dyes such as 
methylene blue (MB) and toluidine blue (TBO) were more effective against E. faecalis when 
compared to the anionic dye, rose bengal (RB) (p<0.05). The subsequent experiment was 
conducted in two stages, where, in the first stage of the experiment, MB-mediated LAD was 
tested against gram-positive Enterococcus faecalis and gram-negative Pseudomonas aeruginosa 
in different growth modes (planktonic, co-aggregation and biofilms). The results from this 
experiment showed that in both species of pathogens, bacteria in the biofilm mode of growth 
were significantly resistant to MB-mediated LAD when compared to the same in suspension 
(p<0.001). The second stage of the experiment tested the hypothesis that the inclusion of an 
efflux pump inhibitor (EPI) into the MB formulation for LAD and varying concentrations of 
aqueous calcium hydroxide could potentiate inactivation of E. faecalis biofilms. The results 
showed that the anti-biofilm efficacy of LAD with the MB–EPI combination on E. faecalis was 
significantly potentiated compared to LAD with MB alone (p<0.001). The effect of the EPI with 
calcium hydroxide was significant only when used with lower concentrations (p<0.001).  
Phase-2 experiments were conducted to evaluate and compare the LAD-mediated inactivation 
and disruption of two-week old E. faecalis and P. aeruginosa biofilms using modified MB 
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formulations prepared (a) in a mixture of glycerol:ethanol:water (30:20:50) (MIX) (b) in an 
emulsion of perfluorodecahydronaphthalene:H2O2:triton-X100 (75:24.5:0.5) used as the 
irradiation medium. The order of effectiveness of the different MB formulations in inactivating 
and disrupting E. faecalis and P. aeruginosa biofilms was of the order: MIX + emulsion > MIX 
> water (p<0.001). This experiment showed that the nature of the photosensitizer formulation 
used, influenced the susceptibility of bacterial biofilms to LAD. The subsequent experiments 
examined the efficacy of LAD using MB in modified formulations on an in vitro bio-molecular 
biofilm model. The model consisted of biofilms of E. faecalis grown on polystyrene tips coated 
with a Type-I collagen substrate. The results of this experiment confirmed the efficacy of LAD 
using a combination of MB in MIX and a MB-based emulsion to inactivate the resident bacteria 
and disrupt the biofilm structure.  
In summary, this study showed that the bacterial growth modes such as - planktonic, co-
aggregated suspensions and biofilms, differentially affected the susceptibility of the tested 
bacterial species to LAD. Biofilm mode of growth was found to offer the greatest resistance to 
LAD and the use of EPI’s and modified MB formulations could significantly potentiate the anti-
biofilm efficacy of LAD. 
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Chapter 1: Introduction 
 
1.1 Preamble 
Over 700 bacterial species can be found in the oral cavity, with any particular individual 
harboring 100 to 200 of these species (1). The true significance of bacteria in endodontic disease 
was shown in the classic study in 1965 by Kakehashi et al. (2). They reported that in germ-free 
rats, exposure of the pulp did not lead to any pathologic changes in the pulp or periapical tissues 
and regardless of the severity of pulpal exposure, healing subsequently occurred with dentinal 
bridging. In conventional animals however, it was observed that pulp exposures led to pulpal 
necrosis and periapical lesion formation. Thus, an important conclusion of this study was that the 
presence or absence of a microbiota was the major determinant for the destruction or healing of 
exposed rodent pulps.  
Dental caries represents one of the most common causes for microorganisms from the oral cavity 
to gain entry into the dental pulp. These microorganisms can invade and multiply within the 
dentinal tubules. The loss of enamel or cementum can also result in a portal of entry for 
microorganisms into the pulp through the exposed tubules. Once the dental pulp becomes 
necrotic, the root canal system serves as a “privileged sanctuary” for microorganisms, toxins and 
protein degradation products (3). Hence, the healing is impaired and necessitates endodontic 
intervention. 
Endodontic infection, also known as apical periodontitis, involves inflammation and destruction 
of the perirapical tissues, the principal cause of which is bacteria within the root canals. Primary 
root canal infections are polymicrobial, typically dominated by obligately anaerobic bacteria (4). 
The most frequently isolated microorganisms before root canal treatment include gram-negative 
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anaerobic rods, gram-positive anaerobic cocci, gram-positive anaerobic and facultative rods, 
Lactobacillus and Streptococcus spp. (4). The obligate anaerobes are rather easily eradicated 
during root canal treatment whereas facultative bacteria are more likely to survive the 
disinfection procedures (5). In particular, Enterococcus faecalis has gained attention in 
endodontic literature, as it can frequently be isolated from root canals in failed root canal 
treatment cases (6). Many studies have shown E. faecalis to be the most common and 
occasionally the only bacteria isolated from teeth with failed root canal treatment (7, 8). The 
pathogenicity of E. faecalis has been attributed to its inherent antimicrobial resistance, increased 
virulence factors such as adherence to host cells (9), expression of proteins to ensure cell survival 
as a result of altered environmental nutrient supply (10), adherence to collagen in the presence of 
serum (11) and ability to form calcified biofilm within the root canal (12). Other microorganisms 
that have known to be associated with failed root canal treated teeth include Staphylococcus, 
Enterococcus, Enterobacter, Bacillus, Pseudomonas, Stenotrophomonas, Sphingomonas, 
Candida and Actinomyces spp. (13).  
Conventionally, disinfection of the root canal is achieved by combining mechanical 
instrumentation with chemical irrigation, commonly referred to as the chemo-mechanical 
approach. However, it has been shown that it is impossible to obtain complete disinfection in all 
cases even after thorough instrumentation and irrigation of the canals (14). Some of the 
noteworthy studies in literature report estimates of root canals with remaining cultivable bacteria 
after instrumentation and irrigation with sodium hypochlorite, in the range of 20% (15), 25% 
(16), 45.5% (17) and 62% (18). The major factors limiting the elimination of bacteria by 
conventional treatment reportedly include: the inability of chemical disinfectants to destroy 
bacteria residing in the dentinal tubules and anatomical complexities of the root canal, 
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development of resistance to antimicrobials by bacteria and inability of antimicrobials to 
physically disrupt biofilms growing on the root canal walls (19-21).   
Sodium hypochlorite is the most commonly used endodontic irrigant and is considered as the 
“gold standard” for endodontic disinfectants. No general agreement exists regarding its optimal 
concentration, which ranges from 0.5% to 6%. Its properties of tissue dissolution and broad 
antimicrobial activity make it the irrigating solution of choice for the treatment of teeth with pulp 
necrosis despite several undesirable characteristics such as risk of tissue damage, allergic 
potential and disagreeable smell and taste. More importantly, studies have shown that the 
indiscriminate use of caustic chemicals in the root canal can produce cytotoxicity and 
neurotoxicity if extruded into the periapical tissues (22, 23) as well as adversely affect the 
chemical and mechanical properties of the dentine (24). In a study by Nair et al., 87.5% of root 
canal treated mandibular molars revealed residual infection in the mesial roots after 
instrumentation and irrigation with sodium hypochlorite and obturation in a one-visit treatment 
(19). Irrigants like chlorhexidine (CHX) although more biocompatible than sodium hypochlorite, 
lacks tissue dissolving ability and its activity is greatly reduced in the presence of organic matter 
(25). Over the years, several irrigants have found potential use in endodontic disinfection but 
they were either found to have comparable or inferior bactericidal properties compared to 
sodium hypochlorite (26, 27).  
Calcium hydroxide has been a widely used endodontic medicament for over 40 years. From an 
endodontic perspective, it has been shown to have a number of benefits such as antimicrobial and 
antifungal activity, tissue-dissolving ability and detoxification of lipopolysaccharides (28-30). 
However, studies report that in some infections, calcium hydroxide may not be the optimal root 
canal medicament as both enterococci and yeasts have been shown to tolerate an alkaline 
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environment (28). Moreover, an analysis of literature by Law and Messer (30) suggested that the 
ideal intracanal medicament has not been found. Hence, it can be said that the current root canal 
irrigants and medicaments used clinically do not necessarily meet all the ideal requirements 
essential for a comprehensive disinfection protocol. In addition, there are other shortcomings of 
the conventional technique using irrigants and medicaments such as: (i) bactericidal agents 
within the root canal only act in synergy with mechanical instrumentation and (ii) they can be 
inactivated by dentine components (31). These factors highlight the necessity of either improving 
the existing protocols of disinfection or devising alternate approaches in order to reduce the 
intraradicular microbial load to the lowest possible level to ensure the most favorable long-term 
prognosis for treatment of infected root canals. The antimicrobial resistance of the polymorphous 
microflora of the root canal along with the above mentioned shortcomings of the conventional 
treatment regimen has initiated new drug or technology discoveries to combat these resistant 
organisms. In this regard, Light Activated Disinfection (LAD) is emerging as a novel 
antimicrobial approach to disinfecting root canals. LAD is based on the concept that a chemical 
known as a photosensitizer (PS) can be activated by light to generate cytotoxic products that 
result in the desired therapeutic effect. Unlike antibiotics, LAD acts on multiple targets in a 
bacterial cell such as membrane lipids, genomic DNA, proteins and enzymes that reduce the 
chance of bacteria acquiring resistance to treatment (32-34).  
Many of the early in vitro studies focused on evaluating the effectiveness of LAD against 
planktonic cultures (bacteria in suspension). Pure cultures of planktonic bacteria do not generally 
represent the in vivo growth condition found in an infected tooth where bacteria commonly grow 
as co-aggregates and biofilms on the dentinal wall (19).  In the subsequent years however, there 
were numerous studies testing the potential of LAD on immature biofilm models although none 
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of these studies examined the LAD susceptibility of a single bacterial species in different growth 
modes. Most of these studies reported bacterial elimination in the range of 73% to 99.9% 
following LAD of immature biofilms (less than 4 day incubation period) using a combination of 
phenothiazinium PS dyes and laser light (35 - 42). It was interesting to note that LAD failed to 
achieve complete elimination of immature biofilms in all these studies. The susceptibility of 
mature biofilms to LAD is therefore questionable since it has been previously reported that the 
stage of biofilm maturation greatly affects the disinfection potential (43). The reason for the 
limited bactericidal effect of LAD was proposed to be due to the inability of the PS to penetrate 
the anatomical complexities and dentinal tubules, poor yield of singlet oxygen and molecular 
oxygen depletion during irradiation (37). This difficulty in achieving complete disinfection of the 
root canal by LAD sheds light on the fact that using a mere combination of PS and light may not 
be sufficient. Most of the studies that attempt to enhance the inactivation of bacteria by LAD 
focus on pre-treatments with membrane permeabilizing agents in order to increase the 
penetration of the PS into the bacterial cell, alteration of the chemical structure of the PS or 
designing specific drug delivery systems. Very few studies in literature have examined the need 
to design tissue-specific conditions such as the modification of the PS formulation to achieve 
maximum inactivation of bacteria. A strategy that would ensure adequate delivery of the PS, 
enhance the photochemical characteristics and stabilize oxygen free radicals would be desirable. 
In addition, the physico-chemical environment existing at the target site may influence the 
outcome of LAD during activation of a PS. It is known that an infected root canal has a 
predominance of anaerobic bacteria and thus this oxygen deficient site may adversely affect the 
outcome of LAD as molecular oxygen is a prerequisite for the generation of singlet oxygen. 
Ensuring an adequate concentration of oxygen at the target site would therefore be of 
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considerable significance. On the other hand, there have also hardly been any studies in 
endodontics involving investigations into microbial efflux pumps (MEPs) to enhance the 
inactivation of specific bacterial species. The significance of these MEPs is that in the recent 
years, they have become broadly recognized as major components of microbial resistance to a 
wide variety of antimicrobials (44). There is data in literature to show that incorporation of an 
agent having the capacity to block specific MEPs can potentiate bacterial inactivation when the 
PS used for LAD is a substrate of that particular efflux pump (45). Phenothiazinium dyes such as 
MB have been shown to be substrates of an efflux pump (46) that is known to operate in E. 
faecalis. Hence, incorporating an efflux pump inhibitor (EPI) should be able to potentiate the 
anti-biofim efficacy of LAD against E. faecalis. However, a valid argument would then be - why 
the concentration of the PS used for LAD cannot be increased to a level that would overcome the 
MEP-mediated efflux? The answer is that there is an intrinsic limit to increasing the 
concentration of the PS since high concentrations acts as an optical shield, absorbing the light to 
no effect as most of the dye is unbound to bacteria. Also, since the application of LAD using the 
PS and the EPI is in a localized area, there is less likelihood of any potential toxicity issues 
associated with EPIs to arise. Thus, the potentiation of LAD by inhibitors of MEPs is worthy of 
further investigation and can be a significant step towards clinical application in the field of 
endodontics.  
1.2 Objectives 
The main objectives of this study were to examine the influence of bacterial growth modes on 
the susceptibility to LAD and potentiate the LAD-mediated inactivation of bacterial biofilms 
using PS formulations incorporating efflux pump inhibitors (EPI) and biofilm matrix disrupting 
agents. 
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Towards this end, the following experiments were conducted: 
1. Characterization experiments were carried out on anionic and cationic PS for LAD. 
2. The light dosimetry required for complete inactivation of bacteria in biofilm mode 
was evaluated.   
3. The influence of bacterial growth modes on the susceptibility to LAD was examined 
in both gram-positive and gram-negative species of bacteria. The difference in 
susceptibility of gram-positive and gram-negative bacteria to LAD was also assessed.  
4. The role of efflux pumps in the antimicrobial resistance of bacterial biofilms was 
evaluated by incorporating an EPI into the MB formulation for LAD.  
5. Experiments were carried out to evaluate and compare modified PS formulations to 
inactivate and disrupt mature bacterial biofilms by LAD.  
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Light Activated Disinfection derives its origin from the more general term, Photodynamic 
Therapy (PDT). It is based on the concept that a non-toxic dye, termed as a photosensitizer (PS) 
can be preferentially localized in tissues and subsequently activated by light of appropriate 
wavelength to generate singlet oxygen and other reactive oxygen species (ROS) that are 
cytotoxic and result in the desired therapeutic effect. The successful outcome of PDT depends on 
the optimal interaction among three elements - light, PS and oxygen. The term LAD was 
introduced specifically to denote the inactivation of microorganisms by this technique. LAD has 
various synonyms such as Photodynamic Antimicrobial Chemotherapy (PACT), Photo-Activated 
Disinfection (PAD), Light Activated Therapy (LAT), Antimicrobial Photodynamic Therapy 
(aPDT) and Antimicrobial Photodynamic Inactivation (aPDI).  
2.1 History and background 
The use of light as a therapeutic agent can be traced back over thousands of years. It was used in 
ancient Egypt, India and China to treat skin diseases, such as psoriasis, vitiligo and cancer, as 
well as rickets and even psychosis (47). Heliotherapy or whole-body sun exposure was employed 
by the ancient Greeks to treat diseases. Evidence in literature exists to show that conditions such 
as scurvy, tuberculosis, paralysis, rheumatism, edema and muscle weakness were treated using 
sunlight in the eighteenth and nineteenth centuries in France (48). Although the concept of PDT 
has been known for several years, it was only much later that it became familiar to the English-
speaking world. Most of the pioneering work was performed in Europe and therefore, the early 
literature was published in German, French and Danish texts. At the end of the nineteenth 
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century in Denmark, Niels Finsen further developed ‘phototherapy’ or the use of light to treat 
diseases. He found that red-light exposure prevents the formation and discharge of smallpox 
pustules and can be used to treat this disease (49). He also used ultraviolet light from the sun to 
treat cutaneous tuberculosis. This was the beginning of the modern light therapy and in 1903, 
Finsen was awarded a Nobel Prize for his discoveries. 
The concept of cell death being induced by the interaction of light and chemicals was recognized 
since the early 1900s. This was first reported by Oscar Raab, a medical student working with 
Professor Herman von Tappeiner in Munich. During the course of his study on the effects of 
acridine on malaria-causing protozoa he accidentally discovered that the combination of acridine 
orange and light had a lethal effect on infusoria, specifically a species of Paramecium (50). He 
further uncovered that the effect of this combination was much greater than the effect of acridine 
or light alone. This marked the beginning of the discovery of the optical property of 
fluorescence. Raab postulated that this effect was caused by the transfer of energy from light to 
the chemical, similar to that seen in plants after the absorption of light by chlorophyll. In a 
second publication, shortly afterwards, von Tappeiner concluded with a prediction of the 
potential future application of fluorescent substances in medicine (51). Three years later, von 
Tappeiner, together with a dermatologist named Jesionek, used a combination of topical eosin 
and white light to treat skin tumors (52). Together with Jodlbauer, von Tappeiner went on to 
demonstrate the requirement of oxygen in photosensitization reactions (53) and in 1907 they 
introduced the term ‘‘Photodynamic action’’ to describe this phenomenon. 
Over the years, porphyrins were extensively studied as PS in the treatment of tumors. In 1913, 
the German scientist Friedrich Meyer–Betz was the first to treat humans with porphyrins, testing 
the effects of 200 mg of haematoporphyrin on his own skin (54). In the 1960s, Richard Lipson 
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and colleagues initiated the modern era of PDT at the Mayo Clinic. These studies involved a 
compound that was developed by Samuel Schwartz called ‘haematoporphyrin derivative’ (HPD) 
(55). In the 1970’s, the first clinical studies in humans was conducted by Kelly and co-workers 
(56) as well as Dougherty et al. (57). Subsequently, 1993 noted a milestone in PDT history with 
the first PDT drug getting approved in Canada for the prophylactic treatment of bladder cancer. 
The next major breakthrough was achieved when photofrin was accepted by the FDA in 1998 for 
the treatment of esophageal and lung cancer.  
2.2 Light activated disinfection 
German scientist Paul Ehrlich popularized the concept of a “magic bullet” - selectively targeting 
a bacterium without affecting other organisms. This concept underlies the principle of LAD. If a 
live microbe can be demonstrated selectively with a vital stain, it should be possible to destroy 
the stained microbe on illumination.  
Although the first recorded observation of LAD of microorganisms occurred more than 100 
years ago, the potential of LAD against diseases of microbial origin was not tapped for several 
years as certain microorganisms were found to be poorly responsive to LAD and a widespread 
belief existed that antibiotics were the best resort to tackling diseases of microbial origin. 
However, with the extensive use of antibiotics, the problem of resistance began to appear in the 
early 1960’s and escalated to such significant levels that the treatment of many microbial 
infections became problematic. By the 1990’s, antibiotic resistance became the norm for many 
microbial infections and this rapid emergence of resistance resulted in a renewed interest in the 
use of LAD to combat microbial infections. Over a period of time, numerous papers have 
identified that endogenous and exogenous porphyrin compounds and other molecules can be 
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used as PS. Following the pioneering work of Michael Wilson at the Eastman Dental Institute in 
the early 1990s, several publications have now accumulated in the literature that present 
evidence that virtually all species of bacteria in the oral cavity can be killed by visible light after 
they have been treated with an appropriate PS. Table 2.2.1 summarizes a list of reports of LAD 
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Species (Gram status) Photosensitizer Author Year 
Staphylococcus aureus (+), Escherichia coli (-), 
Pseudomonas aeruginosa (-) 
Enterococcus faecalis (+) Aggregatibacter 
actinomycetemcomitans (-) 
Porphyromonas gingivalis (-), Prevotella 
intermedia (-), Fusobacterium nucleatum (-), 
Peptostreptococcus micros (+), E. faecalis  
P. gingivalis, P. intermedia  
Streptococcus mutans (+) 
E. coli  
Acinetobacter baumannii (-), E. coli 
S. aureus, Staphylococcus epidermidis (+), 
Streptococcus pyogenes (+), Corynebacterium 
minutissimum (-), Propionibacterium acnes(-) 
S. aureus, S. epidermidis, P. aeruginosa , E. coli, 
Proteus mirabilis (-) 
S. aureus, Streptococcus pneumoniae (+), E. 
faecalis , Haemophilus influenzae (-), E. coli,  P. 
aeruginosa  
E. coli, Enterococcus hirae (+) 
Deinococcus radiodurans (+) 
S. aureus  
E. coli 
S. aureus  
S. aureus (methicillin resistant) 
S. aureus  
Haemophilus parainfluenzae (-) 
E. coli, P. aeruginosa, Enterococcus seriolicida (+) 
E. coli, S. aureus  
Bacillus subtilis (+), Streptococcus faecalis (+) 
Helicobacter pylori (-)  
Salmonella typhimurium (-) 
E. coli 
 
Brochothrix thermosphacta, D. radiodurans, 
Streptococcus, Micrococcus, Staphylococcus, 










Toluidine Blue O 
N-Alkylpyridylporphyrins  






Methylene Blue, Toluidine Blue 
 
 
Zinc phthalocyanine tetrasulfonate, 




Photofrin, m-THPC, hypericin  
Methylene Blue and derivatives 
Malachite Green isothiocyanate  
ALA 
Zinc pyridiniumphthalocyanine  





Thiazines, xanthenes, acridines and 
Phenazines  
Rose Bengal 
Huang et al.  
 
George and Kishen  
 
Soukos et al.  
 
 
Krespi et al.  
Williams et al. 
Benov et al. 
Nitzan & Ashkenazi 
Zeina et al. 
 
 
Tolstykh et al. 
 
Usacheva et al. 
 
 
Gabor et al. 
 
Scahfer et al. 
Bertoloni et al. 
Szocs et al. 
Kubin et al. 
Wainwright et al. 
Golding et al. 
Van der meulen et al 
Minnock et al. 
Nitzan et al. 
 
Shawer and Cooper 
Bedwell et al. 
Dahl et al. 
Martin and Logsdon 
 







































Table 2.2.1: LAD of various species of gram-positive and gram-negative bacteria 
 
(Reference: Hamblin and Hasan, 2004) (58) 
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Photophysics, photochemistry and photobiology of LAD 
The basis of LAD is the initiation of toxic photochemistry at the target site. This involves a 
combination of two steps, the first being the injection of a PS followed by light illumination of 
the sensitized target tissue at specific wavelength that is appropriate for absorption by the PS. 
Although the exact biological mechanisms underlying LAD may vary with the nature of the PS, 
its distribution in the tissue, the intracellular localization sites and other parameters, the primary 
photochemistry involved in LAD-induced damage is similar for all PS.  
Singlet oxygen (1O2), an excited state of molecular oxygen, is considered to be the main 
cytotoxic species generated during LAD (59). The photochemical and photophysical processes 
that lead to 1O2 formation are illustrated in the energy diagram in Figure 2.2.1. The PS molecule 
in its ground state is a spectroscopic singlet, denoted S0. The ground state molecule is excited to 
its singlet excited state, S1, upon absorption of a photon. PS used for LAD are designed to have 
high intersystem crossing rates, and thus a large fraction of the singlet excited state molecules 
evolve to their triplet state T1. Unlike most molecules, molecular oxygen has a ground state that 
is a spectroscopic triplet, denoted 3O2 and a lowest-lying spectroscopic singlet excited state that 
is 1O2. Direct excitation of oxygen from its triplet to the singlet is forbidden by molecular 
selection rules but is a possible outcome of collision between a ground state oxygen molecule 
and a triplet excited state PS molecule due to an energy transfer reaction. This pathway, resulting 
in the formation of 1O2, is referred to as the Type II mechanism. A minor contribution to the 
photoprocess is given by radical species originated through redox reactions that are based on 
Type I mechanism that involves electron-hydrogen transfer steps between the triplet PS and 
nearby substrates (including ground-state oxygen). The latter step may give rise to the 
superoxide anion O2- which is intrinsically characterized by a low reactivity; however under 
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specific circumstances, the superoxide anion can undergo the Fenton reaction originating the 
OH- radical which is extremely reactive. 1O2 is a strong oxidizing agent and thus highly reactive, 
with a lifetime of less than 0.04 µs in a biological environment and a radius of action of less than 
0.02 µm (60). The reactions of 1O2 with cellular targets lead to cell death, the mechanisms of 
which are discussed in detail in the following segment.  
               
       A       B 
Figure 2.2.1: (A) Joblonski diagram for optical excitation of photosensitizing molecule 
(Source: http://elchem.kaist.ac.kr/vt/chem-ed/quantum/graphics/jablon.gif) 
            (B) Mechanism of action of LAD on a bacterial cell 
 
Mechanisms of damage 
The two main mechanisms that are reported to be responsible for the LAD-mediated lethal 
damage to bacteria are DNA and cytoplasmic membrane damage. LAD studies using a variety of 
PS against both gram-positive and gram-negative bacteria have demonstrated breaks in both 
single and double-stranded DNA and the disappearance of the plasmid super-coiled fraction (61). 
It has also been suggested that lethal photosensitization can result in cross-linking of proteins as 
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a result of singlet oxygen interacting with photo-oxidizable amino acid residues such as His, Cys, 
Trp and Tyr in one protein molecule to produce reactive species, which may in turn interact with 
residues or free amino groups in another protein. In some cases it is thought that free radicals 
may be involved (62). Lambrechts et al. showed that the yeast C. albicans was successfully 
inactivated by a combination of a cationic porphyrin and light and that the cytoplasmic 
membrane is the target organelle (63). Similar results were reported by another study in which 
alterations in the cell membrane functionality induced by LAD with a phthalocyanine derivative 
was said to be the major cause of E. coli inactivation (64). Valduga et al. (65) and Bertoloni et 
al. (66) demonstrated the alteration of cytoplasmic membrane proteins. Nitzan et al. (67) 
reported the disturbance of the cell wall synthesis and the appearance of a multilamellar structure 
near the septum of dividing cells, along with loss of potassium ions from the cells. Previous 
studies have shown that the photo-oxidative effect caused by phenothiazinium PS such as 
methylene blue (MB) and toluidine blue (TBO) on bacteria could lead to damage of multiple 
targets, for example, it could influence DNA interaction (68), membrane integrity (69), protease 
activity (70) and lipopolysaccharide (LPS) bioactivity (70). Recently, George and Kishen 
reported the functional impairment of the cell wall, extensive damage to chromosomal DNA and 
degradation of membrane proteins upon subjecting E. faecalis to LAD using the 
phenothiazinium dye MB (71). These findings strongly support the hypothesis that LAD can 
represent a viable alternative for antimicrobial therapy since the mode of action on microbial 
cells is markedly different from that typical of most antibiotic drugs and hence the emergence of 
bacterial strains with acquired resistance to LAD is highly unlikely (32, 33, 34). Figure 2.2.2 
illustrates the potential sites of LAD-mediated damage in a bacterial cell.  
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Figure 2.2.2: Sites of LAD-mediated damage in a bacterial cell  
(Adapted from Microbiology and Immunology online, University of South Carolina) 
 
Assessment of cytotoxicity on mammalian cells vs. antimicrobial activity  
Although LAD has the potential to kill mammalian cells as well as microbial cells, several 
studies have shown the selectivity for microbial cells over host cells.  Soukos et al. compared the 
effect of LAD using a combination of TBO and red light against S. sanguis and human gingival 
keratinocytes and fibroblasts. They reported no reduction in the human cell viability whereas the 
bacteria were effectively killed (72). Zeina et al. reported kill rates for human keratinocyte cell 
line (H103) to be 18-200 folds slower than for cutaneous microbial species following LAD with 
a combination of MB and white light (73). Soncin et al. reported the selective killing of S. aureus 
over human fibroblasts and keratinocytes (4-6 fold) when subjected to LAD using cationic 
phthalocyanine and relatively low fluence rates (74). More recently, George and Kishen 
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demonstrated a 97.7% killing of E. faecalis compared to a 30% human fibroblast dysfunction 
following MB-mediated LAD (75).  
The Photosensitizer 
A PS is a chemical species which, when exposed to light at its peak absorption, reacts with 
molecular oxygen to produce highly reactive singlet oxygen which results in cell death. Only PS 
that undergo efficient intersystem crossing to the excited triplet state, possess a relatively long-
lived triplet state and have few other competing pathways will produce high yields of singlet 
oxygen. Most PS in clinical use have triplet quantum yields in the range of 40 to 60%, with the 
singlet oxygen yield being slightly lower. Competing processes include loss of energy by 
deactivation to ground state by fluorescence or internal conversion (loss of energy to the 
environment). However, while a high yield of singlet oxygen is desirable, it is by no means 
sufficient for a PS to be clinically useful. Pharmacokinetics, pharmacodynamics, stability in vivo 
and acceptable toxicity play critical roles as well.  Toxicity can become an issue if high doses of 
PS are necessary in order to obtain a complete response to treatment. Along the same lines, lack 
of in vivo stability would be a further issue relating to toxicity, as the toxicity profile of the 
breakdown products may need to be evaluated as well. In spite of all these impediments, there 
are large numbers of PS potentially useful in LAD, several of which are currently in various 
stages of clinical trials for FDA approval.  Table 2.2.2 gives a brief overview of some of the PS 
used for LAD. 
Over the last decade, research has shown that compounds based on the phenothiazinium 
chromophore are emerging as promising candidates for use as photodynamic antimicrobial 
agents (32, 76). MB is generally accepted as the prototype of phenothiazinium-based 
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photosensitizers (PhBPs) (77). A number of PhBPs have now been synthesized and generally 
these are cationic molecules with a core structure composed of a planar tricyclic aromatic ring 
system which functions as a chromophore of these compounds. In addition to PhBP’s, cationic 
porphyrins (63), phthalocyanines (64), and chlorins (78) have also gained popularity as 
antimicrobial PS due to their ability to inactivate both gram-positive and gram-negative bacteria. 
The requirements of an ideal PS would be that the PS be non-toxic, possess high solubility in 
water, display local toxicity only after activation by illumination, have a high quantum yield for 
the generation of long lived triplet state and singlet oxygen, be cost effective, commercially 
available as well as possess storage and application light stability. In addition to the above 
requirements, a mechanism of cell inactivation minimizing the risk of inducing resistant strains 
would be highly favorable. From an endodontic perspective, a key property of PS to be used 
within the root canal environment is that they should absorb light in the middle red portion of the 
visible spectrum, since these wavelengths of light give the greatest penetration of dentine and 
can also penetrate any blood that may be present (79). Other components of the PS liquid used in 
LAD include buffers, salts for adjusting the tonicity of the solution, anti-oxidants, preservatives 
and surfactants to ensure surface wetting. The pH of the medium has been shown to influence the 
properties and behavior of both PS and bacteria. Alkaline pH environment (pH 8.0) tends to 
promote LAD as opposed to acidic environments (pH 4.0 to 5.0) because at higher pH there is 
improved penetration of dye into bacteria (69), increased cytotoxicity of singlet oxygen 
molecules (80) and increased lifetime of the excited molecular state in the dye compared with the 
lower-energy ground state (76).  
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Class of compounds Name Site of action in prokaryotic cells References 











Cyclic tetrapyrroles  
Furanocoumarin  
Perylenequinonoin hypericin  








Zinc –phthalocyanine (Zn-Pc)  
Porphyrin  
DNA damage 
Inhibitor of protein kinase C  
DNA damage 
Functional impairment of the cell 
wall, degradation of membrane 
proteins  
Plasma membrane damage 
DNA damage, changes in  
membrane proteins 
DNA damage  
Membrane/cytosolic sites  
DNA damage 
Disturbance of cell wall synthesis  
Guiotto et al. 1995  
Estey et al. 1996  
Menezes et al. 1990  
 
 
George & Kishen 2008 
Wakayama et al. 1980  
 
Bhatti et al. 1998 
Wainwright 1998  
Bertoloni et al. 1992  
Bertoloni et al. 2000 
Nitzan et al. 1992 
 
Table 2.2.2: Overview of PS used for LAD 
(Reference: Maisch, 2007) (81) 
Light source 
A limiting factor in LAD is the penetration of the activating light into tissue. Visible light in the 
red region of the spectrum (the most penetrating) generally has a penetration depth (1/ε) in the 
range of 2-6 mm, depending on the wavelength and the tissue. However, the depth of the 
biological effect of LAD is generally found to occur at approximately twice this depth i.e. 4 to 12 
mm, meaning that 10% of the incident light i.e., the intensity drop off at two penetration depths, 
is sufficient to elicit the photodynamic effect in tissue. 
Light sources can be coherent (lasers) or non-coherent (lamps). The difference between the two 
light sources is schematically illustrated in Figure 2.2.3. The choice of light source can be 
dictated by the location, light dose delivered and by the choice of PS. Lasers provide a 
monochromatic, very powerful source of light that can reduce the time necessary to deliver the 
final LAD dose. Since they are monochromatic, the choice of laser wavelength becomes crucial 
as it must be matched with the often narrow absorption band of the PS with the result that one 
laser can only be used in combination with one (or a limited number) of PS. Laser systems are 
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generally the standard light source used in LAD studies and these include argon/dye lasers, 
helium-neon lasers, KTP:YAG/dye lasers and diode lasers. On the other hand, lamps provide a 
broad range of wavelengths at reduced fluence rates. Since most investigators limit fluence rates 
to relatively low values of 100-300 mW/cm2 to avoid thermal effects, the use of lamps does not 
necessarily produce a dramatic increase in the time required for treatment (82). Due to their 
broad emission, lamps can be used in combination with several PSs with different absorption 
maxima within the emission spectrum of the lamp. Lasers are at present the light sources of 
choice to irradiate sites that can be reached only with optical fibers. Beam quality, dedicated 
optical accessories and power output are among the characteristics that make lasers a good 
choice if light has to be coupled to an optical fiber with cores smaller than 500 µm in diameter 
(82). Due to the possibility of using light diffusers of different shapes and microlenses to produce 
uniform collimated beams, lasers are also suitable for use in direct illumination of accessible 
sites. Among the different types of lasers that can be used for LAD, diode lasers are very 
attractive for clinical use as they are easy to operate and portable. Figure 2.2.4 shows a schematic 
representation of a diode laser system used in a clinical setting. They are normally coupled to 
optical fibers and are ideal for endodontic use. The disadvantage of lamps on the other hand is 
that they cannot be used in combination with small optical fibers because of the poor beam 
quality, large beam size and small power density. They can however, be used direct or coupled to 
a liquid light guide of between 5 and 10 mm diameter. Moreover, compared to lasers, lamps are 
normally less expensive, easier to maintain and more user friendly. Lasers and lamps have both 
been employed to perform LAD and the superiority of one source over the other has not been 
demonstrated, therefore the use of lasers or lamps depends on the specific application. Although 
LAD has been traditionally performed using lasers, the availability of broad-band sources 
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(lamps) is challenging the use of lasers. Table 2.2.3 lists the light and dye parameters used in 
some in vitro and in vivo LAD studies in endodontics. 
 
Figure 2.2.3: Difference between coherent and non-coherent light  
(Adapted from Lasers in Dermatology - Sean W. Lanigan) (83) 
 
         
Figure 2.2.4: Schematic representation of the components of a laser system for endodontic use 
(A) Diode laser system (B) Optical fiber, handpiece and emitter tip 
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Experimental model Light source and 
irradiation parameters 
Photosensitizer Results Reference 
number 
In vitro studies on extracted teeth 
2 day biofilms of S. intermedius Helium-Neon gas laser at 
632.8 nm 
P = 35 mW 
E = 2.1, 3.2, 4.2, 10.5 or 
21 J 
Toluidine Blue Maximum of 5 log10 
reduction in CFU/mL at 
21 J 
Seal et al. 2002 
(35) 
3 day biofilms of E. faecalis Diode laser at 665 nm 
PD = 740 mW/cm2 
F = 222 J/cm2 
Methylene Blue 97% reduction in 
bacterial viability 
Soukos et al. 
2006  
(36) 
4 day biofilms of E. faecalis 
and A. actinomycetemcomitans  
Diode laser at 664 nm 
P = 30 mW 
E = 36 J 





3 day biofilms of 
bioluminescent P. mirabilis and 
P. aeruginosa 
Diode laser at 660 nm 
P = 40 mW 
E = 9.6 J 
Polyethylenimine and 
chlorin (e6) conjugate 
≥ 95% reduction in 
bacterial 
bioluminescence 
Garcez et al. 
2007 
(214) 
3 day biofilms of E. faecalis Diode laser at 665 nm 
PD = 100 mW/cm2 
F = 60 J/cm2 
Methylene Blue 77.5% reduction in 
bacterial viability 
Foschi et al. 
2007 
(38) 
3 day multispecies biofilm Diode laser at 665 nm 
PD = 100 mW/cm2 
F = 30 J/cm2 
Methylene Blue ≈ 73 – 80% reduction in 
bacterial viability 
Fimple et al. 
2008 
(39) 
2 day biofilms of S. anginosus, 
E. faecalis or F. nucleatum 
Diode laser at 635 nm 
P = 100 mW 
E = 15 J 
Toluidine Blue 93.8 % , 88.4% and 
98.5% reduction of S. 
anginosus, E. faecalis 





2 day biofilms of E. faecalis Gallium-aluminium-
arsenide (Ga-Al-As) 
diode laser 
P = 50 mW 
E = 6.4 J 
Toluidine Blue ≈ 99.9% reduction in 
bacterial viability 
Fonseca et al. 
2008 
(41) 
2 day biofilms of E. faecalis  Diode laser at 635 nm 
P = 100 mW 
E = 15 J 
Toluidine Blue ≈ 1.5 log 10 reduction in 
CFU/mL 
Meire et al. 
2009 
(42) 
In vivo studies on patients 
32 canals in patients with 
symptoms of irreversible 
pulpitis/apical periododntitis 
Diode laser at 633 nm 
P = 100 mW 
E = 12 J 
Toluidine Blue 96.7% reduction in 
bacterial viability 
Bonsor et al. 
2006 
(84) 
64 canals in patients with 
symptoms of irreversible 
pulpitis/apical periodontitis 
 
Diode laser at 633 nm 
P = 100 mW 
E = 12 J 
Toluidine Blue > 90% reduction in 
bacterial viability with 
the use of a chelating 
agent along with LAD 
Bonsor et al. 
2006 
(88) 
20 single rooted canals in 
patients with symptoms of 
necrotic pulp and apical 
periodontitis 
Diode laser at 660 nm  
P = 40 mW 
E = 9.6 J 
Polyethylenimine and 
chlorin (e6) conjugate 






endodontic therapy and 
LAD 




Table 2.2.3: Light and dye parameters used in some LAD studies in endodontics 
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Light propagation through tissue implicates processes of reflection, absorption, scattering and 
transmission. Generally about 4-6% of light tends to be reflected. In biological tissue, absorption 
is mainly due to the presence of free water molecules, proteins, pigments and other 
macromolecules. The absorption coefficient strongly depends on the wavelength of the incoming 
laser irradiation. Scattering of light in tissue has the most pronounced effect on light intensity 
and directionality. Scattering, together with refraction causes a widening of the light beam, 
resulting in a loss of fluence rate (given as power per unit area of light) and a change in the 
directionality of the light beam.  
With respect to light irradiation, three parameters are important during treatment planning 
1. Calculate the treatment area (cm2) 
2. Calculate the power needed  
Total power = Treatment area (cm2) x Dose rate (mW/cm2) where Dose rate =  
Hence,   
Total power =   
3. Calculate the treatment time 
Treatment time =  
The energy obtained for LAD is influenced by the power of the light source, duration of 
irradiation and the area of illumination. The total dose or fluence is the product of irradiation 
time (in seconds) and laser power (in Watts) divided by the area of irradiation (cm2). Increasing 
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the power of the light source will aid in reducing the irradiation time required for LAD. Since the 
power density, illumination time or both can be varied to give the same light dose, this aspect 
serves to be useful in a clinical setting. Low power laser energy is employed clinically in LAD of 
infected root canals. Low power lasers operate typically at powers of 100 mW or less and may 
produce energy in the visible spectrum (400 – 700 nm wavelength) or near infra red regions (700 
– 1500 nm wavelength). In a study by Williams et al. (85), S. intermedius was subjected to LAD 
using TBO and a diode laser operating at 633 nm wavelength and an output power of 80 mW. 
Irradiation durations of 30 s, 60 s and 90 s were used to generate energy doses of 2.4 J, 4.8 J and 
7.2 J respectively. The study concluded that the effectiveness of LAD increased as the energy 
dose increased. An important factor is that the optimal energy required for the inactivation of 
bacteria will depend on factors such as the bacterial growth mode (in suspension/biofilm), the 
environmental conditions and the type and concentration of the PS used.  
2.3 Light activated disinfection in endodontics 
Several laboratory investigations have applied the LAD technique to the root canal system, 
commonly using S. mutans, S. intermedius and E. faecalis as the challenge organisms in 
instrumented canals of extracted teeth. Each of these microbial species lack endogenous 
porphyrin PS and are thus relatively resistant to killing by visible red light alone. Successful 
killing of S. mutans and E. faecalis by LAD using either MB or TBO dyes has been reported 
with kills of between 97-99.9% for planktonic bacterial loads of up to 10 million organisms 
using an exposure time of 120 seconds (86). Similar results have been shown for S. intermedius, 
with complete kills for loads up to 1000 million organisms within the root canal using TBO as 
the dye and a 35 mW helium-neon laser with an exposure time of 150 seconds (35). Studies with 
E. faecalis as the main infecting organism in the root canal reported 77.5% killing using a 
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combination of MB and a diode laser at an energy fluence of 60 J/cm2 (38), 99.9% killing using a 
combination of TBO and a 50 mW laser at a total energy of 6.4 J (41) and 90% killing ex vivo 
and 99.99% killing in vitro using a combination of TBO with a 100 mW diode laser at an energy 
of 15 J (42). George and Kishen reported more than 99.99% killing of E. faecalis biofilms using 
a combination of MB and a 30 mW diode laser at a total energy of 36 J (37). They employed a 
dual-stage approach using a modified PS formulation and an irradiation medium. Since this 
technique could achieve disinfection without significant root canal enlargement, it was termed as 
‘Advanced non invasive light activated disinfection’ (ANILAD). In addition to the species 
discussed above, LAD has been shown to kill other bacterial species commonly found in root 
canals including Prevotella intermedia, Peptostreptococcus micros, Fusobacterium nucleatum, 
Porphyromonas spp. and Actinomyces spp. Studies have also shown that LAD can be used to 
eradicate mixed biofilm infections. Fimple et al. conducted MB-mediated LAD using a diode 
laser on multispecies biofilms grown within root canals and reported a 73% to 80% reduction in 
the bacterial load (39). In vitro studies have also been carried out simultaneously on bacteria in 
planktonic suspensions and biofilms. Soukos et al. reported that all planktonic microorganisms 
except E. faecalis (47% reduction) were eliminated following MB-mediated LAD. On the other 
hand, they reported a 97% reduction of E. faecalis biofilms following LAD (36). They attributed 
this difference in susceptibility to a much higher energy fluence used for the LAD of E. faecalis 
biofilms. Williams et al. also conducted a study comparing the susceptibility to LAD with TBO 
of planktonic microorganisms vs. biofilms grown within root canals and perspex training blocks. 
They reported that LAD was less effective in root canals than in suspension (85). This study 
however, did not compare a single bacterial species in the planktonic and biofilm mode of 
growth.  
Chapter 2: Literature Review 
28 
 From a clinical standpoint, acute exacerbations during endodontic therapy typically involve 
Porphyromonas species (87), particularly P. endodontalis which as a strict anaerobe is extremely 
susceptible to killing by singlet oxygen. These organisms can also be killed by endogenous 
photosensitization (with red light alone). In light of these points, there is a clear rationale for 
using LAD for canal disinfection as an adjunct to existing measures such as irrigation with 
sodium hypochlorite. Bonsor et al. conducted a clinical study on 14 patients to evaluate the 
efficacy of LAD using TBO and a diode laser in combination with conventional endodontic 
treatment and reported a 96.7% bacterial reduction (84). In another clinical study conducted on 
64 patients study by the same group, the use of a chelating agent (disrupter of biofilm) followed 
by LAD was reported to result in a significant bacterial reduction (88). Garcez et al. reported that 
in a clinical study conducted on 20 patients, the first round of LAD resulted in a 98.5% bacterial 
reduction. This was followed by the use of a one-week calcium hydroxide dressing and later a 
second round of LAD which resulted in a 99.9% bacterial reduction. Thus, the second LAD was 
reported to be more effective than the first (89).   
Previous studies have shown that typical LAD parameters for effective killing of microbes are in 
the order of 15 J/cm2 delivered using a visible red diode laser with an output power of up to 100 
mW, over 60-120 seconds (86, 90). When using LAD clinically, certain guidelines have been 
suggested which was discussed previously in a review by Lee et al. (91). Briefly, the PS solution 
must be placed in direct contact with the site for a short period to enable the microbes to bind or 
take up some of the PS and thus become sensitive to the laser light. It is essential that the dye 
solution be agitated gently within the root canal to eliminate air bubbles, which may impede 
contact with bacteria. It is also important to apply the PS into a root canal space free of blood or 
saliva as either of these fluids can impair the process of lethal photosensitization (92). It has also 
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been reported that for maximal effect within the root canal system, the laser energy should be 
delivered using a diffuser tip that gives a cylindrical emission pattern, corresponding to the shape 
of the root canal system (93). In addition to producing even radiation of the root canal, such 
diffuser tips reduce the effective power density and this reduces dramatically the risk of optical 
injury from the laser.  
A study measuring the temperature rise during LAD of root canals reported to be in the range of 
0.16 ± 0.08˚C (94). These values were said to be lower than the 7˚C safety level for periodontal 
injury. Another study dealing with direct thermal measurements of the root surface during LAD 
have revealed that thermal changes are less than 0.5˚C (86). This is not significant clinically as 
the critical threshold levels at which irreversible pulpitis occurs is said to be 11 times higher (i.e. 
an increase of 5.5˚C) (95). Thus, with regard to the temperature rise within the root canals, the 
use of LAD for endodontic disinfection can be considered harmless to the surrounding 
periodontal tissues.  
2.4 Endodontic infection 
Theoretically, during and following infection of the pulp, all species of bacteria that constitutes 
the normal bacterial flora have the ability to invade the root canal space and ultimately result in 
periapical pathology. However, it has been observed that the bacteria present in infected root 
canals include a restricted group of species compared with the total flora of the oral cavity. This 
implies that the root canal system is a selective habitat that supports the growth of certain species 
of bacteria compared to the others. Tissue fluid and the break down products of the necrotic pulp 
provide nutrients rich in polypeptides and amino acids. These nutrients, low oxygen tension and 
bacterial by-products determine which bacteria will predominate. Most of the bacteria in 
Chapter 2: Literature Review 
30 
endodontic infections are strict anaerobes. The advances made in anaerobic culturing techniques 
combined with the use of both selective and non-selective culture media provided a breakthrough 
which permitted the cultivation of majority of the microorganisms in the oral cavity. When these 
techniques were applied to endodontic samples, it was found that obligate anaerobic bacteria 
dominated in the infected root canals and could make up as much as 90% of the flora (4).  
Prior to root canal treatment, the most frequently isolated organisms are reported to be mainly 
gram-negative rods, gram-positive cocci, gram-positive rods, Lactobacillus and Streptococcus 
spp. (4, 18). It has been reported that non-mutans group streptococci, enterococci and lactobacilli 
commonly survive antimicrobial endodontic treatment (5). Clinical studies have shown that the 
relative frequency of facultative anaerobic strains tends to increase as a result of root canal 
instrumentation and medication (5, 18). There has been considerable evidence in literature to 
show that facultative bacteria such as E. faecalis has been frequently associated with failed root 
canal treated teeth (7, 8). Actinomyces spp. and especially A. israelii have also been implicated in 
treatment failures because of their ability to establish infections in the periapical tissue. Although 
these bacteria do not cause the acute spreading infections associated with Porphyromonas and 
Prevotella spp., they do have the capacity to produce persistent smouldering and occasionally 
suppurative infections (4). Another study demonstrated that a wide variety of microorganisms, 
comprising facultative and anaerobic bacteria as well as yeasts, remained in refractory periapical 
endodontic lesions after long-term, root canal treatment with calcium hydroxide and systemic 
antibiotic treatment. It was reported that Staphylococcus, Enterococcus, Enterobacter, Bacillus, 
Pseudomonas, Stenotrophomonas, Sphingomonas, and Candida spp. were detected in 75% of the 
cases. It was also found that Actinomyces spp. and other bacteria were detected in 25% of the 
cases (13). 
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2.5 Factors influencing the bacterial susceptibility to endodontic disinfection  
Studies have shown that even after meticulous chemo-mechanical disinfection and obturation of 
the root canals, failure may still occur, the reason for which is largely bacterial persistence in the 
areas unaffected by the treatment procedures.  In this regard, it is important to understand the 
anatomical, microbiological and environmental factors at the site of infection that may 
individually or collectively hinder the ability of a root canal disinfection regimen to achieve the 
desired treatment goals.  
Anatomical factors 
Anatomically, the bulk of the dentin is traversed by dentinal tubules. These S- shaped tubules are 
approximately 1-3 µm in diameter tapering to < 1 µm peripherally as they radiate out from the 
root canal towards the enamel and cementum. Once the integrity of the enamel or cementum 
barrier is breached, these tubules provide diffusion channels from the surface to the pulp. 
Bacteria can then invade these dentinal tubules, the depth of which may depend upon tubule 
diameter, as this determines the rate of solute diffusion (96). During endodontic treatment, if the 
antimicrobial agents cannot penetrate the infected dentinal tubules, they can act as a reservoir of 
infection. A study by Berutti et al. (97) showed that upon removing the smear layer and 
irrigating the canal with sodium hypochlorite, the dentinal tubules were bacteria-free up to a 
depth of 130 µm from the lumen, beyond which surviving bacteria were detected. This tubular 
structure of the dentin also makes it porous. However, it has been shown that the degree of 
permeability varies between different areas of a tooth and the numbers of patent dentinal tubules 
present (96). 
Chapter 2: Literature Review 
32 
The main canals, an isthmus communicating between them, accessory and lateral canals, apical 
ramifications and anastomoses all contribute to the anatomical complexities of the root canal 
system. Accessory and lateral canals can arise along the root and can establish a potential portal 
of entry into the pulp if periodontal disease develops. Nair et al. showed that following one-visit 
conventional endodontic treatment, the teeth that revealed residual infection had microbes 
located in the inaccessible recesses and diverticula of instrumented main canals, the intercanal 
isthmus and accessory canals (19). 
Microbiological factors 
• Difference in structural architecture of bacterial cells 
The infected root canal harbors a polymicrobial population involving aerobic, anaerobic, gram-
positive and gram-negative bacteria (98). Gram-positive and gram-negative bacteria have 
profound differences in their three-dimensional architecture which has been illustrated in Figure 
2.4.1. In general, membrane barriers of a bacterial cell limit the simple diffusion of antimicrobial 
agents such as PS into the bacterial cytosol. The membrane barriers of gram-positive bacteria 
consist of a relatively thicker but porous cell wall made up of inter-connected peptidoglycan 
layers surrounding a cytoplasmic membrane (99). The teichoic acid residues of the cell wall 
contribute to the negative charge and consequent binding sites for cationic molecules (99). On 
the other hand, the cell envelope of gram-negative bacteria is composed of an outer membrane, a 
thinner peptidoglycan layer and a cytoplasmic membrane. Movement of molecules across the 
gram-negative cell wall is strictly regulated at the outer membrane which is rich in LPS (100). 
Thus, the susceptibility of bacteria to LAD may largely depend on the type of cell wall they 
possess. 







Figure 2.4.1: Differences in cell structure between gram-positive and gram-negative bacteria  
(Source: http://en.wikipedia.org/wiki/Gram-positive_bacteria) 
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• Role of biofilms in infections 
Bacteria often live as complex surface-associated communities rather than as “free-floating” or 
planktonic cells. These compact microbial consortia, referred to as biofilms, are commonly 
associated with many infections (101). A biofilm can be defined as a population of cells attached 
irreversibly on various biotic and abiotic surfaces and encased in a hydrated matrix of 
exopolymeric substances, proteins, polysaccharides and nucleic acids (102). Bacteria themselves 
account for a variable fraction of the total biofilm volume (typically 5-35%). The remainder of 
the volume is the extracellular matrix. In most species, this matrix is a hydrated polyanionic 
complex of exopolysaccharide of bacterial origin, although extracellular matrix consisting 
partially or predominantly of protein has been described (103). The extracellular matrix creates a 
scavenging system for trapping and concentrating essential minerals and nutrients from the 
surrounding environment (102). Besides, it may provide a certain degree of protection against 
environmental threats. According to the National Institutes of Health, biofilms are medically 
important accounting for over 80% of microbial infections in the body (104).  
The stages of biofilm formation are shown in Figure 2.4.2. The earliest stage involves adsorption 
of macromolecules in the planktonic phase to the surface, leading to the formation of a 
conditioning film. This conditioning film is always formed prior to the arrival of microorganisms 
and selectively promotes adhesion of certain microorganisms. The second stage involves 
adhesion and co-adhesion of microorganisms and attachment maybe strengthened through 
polymer production and unfolding of cell surface structures. Often, in biological contexts, many 
organisms are involved in building up a biofilm structure and specific early colonizers seem to 
be crucial for the subsequent co-adhesion of other organisms.  
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The third stage involves multiplication and metabolism of attached microorganisms that 
ultimately will result in a structurally organized mixed microbial community. During this stage, 
the inherent characteristics of the microorganisms and the nature of the microenvironment 
influence the growth and succession of microorganisms in the biofilm.  
The fourth stage involves the growth and detachment of adherent bacteria. Localized detachment 
of microorganisms starts after initial adhesion and increases with time as it is related to the 
number of microorganisms present in the biofilm. It is known from in vitro studies that 
monolayers of oral bacteria release enzymes that mediate their detachment (105).  
 
Figure 2.4.2: Stages of biofilm formation  
(Adapted and modified from D. Davis; Source: http://en.wikipedia.org/wiki/Biofilm) 
• The endodontic biofilm 
From an endodontic perspective, biofilms are important as there have been several reports of 
biofilm formation in root canals of human teeth (19, 106). The task of cleaning and disinfecting a 
root canal system that contains microorganisms gathered in a biofilm becomes very difficult; 
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certain bacterial species become more virulent when harbored in a biofilm, demonstrating 
stronger pathogenic potential and increased resistance to antimicrobial agents as a biofilm has 
the ability to prevent the entry and action of such agents (107).  The environmental niche of the 
root canal after chemo-mechanical preparation is manifested by reduced oxygen tension, limited 
nutrient availability and presence of antimicrobials that act as driving forces in the selection of 
microbes in the root canal system (108).  
Environmental factors 
Another important aspect of root canal infection along with the dynamic nature of microbial flora 
is the shift in the environmental conditions (101). For surviving bacteria to maintain or induce 
apical periodontitis, they must adapt to the new environment represented by the filled canal. As 
the infection advances, the oxygen tension in the root canal reduces and the microbial flora shifts 
to more of anaerobic type (98, 101). The reduced oxygen tension in the root canal may lower the 
efficacy of LAD since the singlet oxygen generated from the molecular oxygen is the principal 
antimicrobial agent. The interactions of the PS molecules with each other and other molecular 
entities at the target site can also influence the efficiency of LAD at the target site.  
2.6 Strategies to maximize bacterial killing by LAD 
Over the years, several groups of workers have devised approaches to enhance the LAD of 
bacteria. These approaches can be categorized as: (i) pre-treatment with membrane 
permeabilizing agents (ii) structural modification of the PS (iii) stimulation of porphyrins by 
addition of 5-ALA (iv) modification of PS formulations (v) specific drug delivery systems and 
(vi) use of efflux pump inhibitors.  
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Pre-treatment with membrane permeabilizing agents 
Several groups of workers devised approaches that would allow LAD of gram-negative species. 
Nitzan and co-workers (67) used the polycationic polypeptide polymyxin B nanopeptide 
(PMBN), which increased the permeability of the gram-negative outer membrane and allowed 
PS that are normally excluded from the cell to penetrate to a location where the ROS generated 
upon illumination, can cause fatal damage. Reportedly, PMBN does not release LPS from the 
cells, but expands the outer leaflet of the membrane, allowing PS to penetrate and permit 
inactivation of E. coli and P. aeruginosa. Recently, Walther et al. showed that gram-negative Y. 
pseudotuberculosis and E. coli were rendered susceptible to LAD with protochlorophyllide 
following the addition of PMBN (109). A similar approach was taken by Yonei and Todo who 
demonstrated the enhanced sensitivity to the lethal and mutagenic effects of the photosensitizing 
action of chlorpromazine in ethylenediaminetetraacetic acid (EDTA) treated E. Coli (110). 
Valduga et al. (111) and Bertoloni et al. (66) also reported that the use of EDTA to release LPS 
or the induction of competence with calcium chloride sensitized E. coli to LAD with rose bengal 
(RB) and hematoporphyrin/ zinc phthalocyanine respectively.   
Structural modification of the PS 
Bezman et al. (112) covalently bound RB to small polystyrene beads that were allowed to mix 
with bacteria in suspension. It was thought that the PS bound at the outer membrane had the 
ability to generate ROS that then diffuses into the cells.  
Friedberg et al. (113) covalently bound PS to a monoclonal antibody (Mab) that binds to cell 
surface antigens expressed on P. aeruginosa and demonstrated specific killing of target bacteria 
after illumination, not produced by a non-specific Mab conjugate alone.   
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Other workers like Gross et al. (114) used a non-specific IgG that was recognized by protein A 
expressed on S. aureus. They compared the phototoxic effect of a conjugated dye of 
bacteriochlorophyll-serine derivative with IgG (Bchl-IgG) with that of the unconjugated dye 
(Bchl-Ser). They reported that Bchl-IgG was 30 times more efficacious than Bchl-Ser although 
considerably fewer Bchl-IgG molecules were bound per bacterium compared to Bchl-Ser. The 
higher efficacy of Bchl-IgG was explained by its exclusive position on the bacterial cell wall. 
They suggested that the reactive photoproducts generated by sensitization of the externally 
located covalent antibody bound PS are likely to damage the cell wall. 
Another approach adopted by several other groups is to use a PS molecule with an intrinsic 
positive charge. Wilson and co-workers (115) used the phenothiazinium TBO to carry out LAD 
of a large range of both gram-positive and gram-negative bacteria. Since then, other researchers 
like Usacheva et al. (116) and George and Kishen (37) have also used phenothiazinium dyes like 
MB to inactivate gram-positive and gram-negative bacteria.  
Soukos and co-workers formed a hypothesis that by covalently conjugating a suitable PS to a 
poly-L-lysine (pL) chain, a bacteria-targeted PS delivery vehicle could be constructed that would 
efficiently inactivate both gram-positive and gram-negative species. This was demonstrated by 
the preparation of a conjugate between one molecule of chlorine e6 (ce6) and a pL chain of 20 
lysine residues that, after 1 min incubation and illumination with red light, killed > 99% of the 
gram-positive Actinomyces viscosus and gram-negative Porphyromonas gingivalis oral 
pathogens (117). A similar construct was subsequently used by another group (composed of one 
ce6 molecule and a 5 amino-acid lysine chain) to kill several oral pathogens in the presence of 
25% whole blood (118). Polo et al. (119) used conjugates between pL and porphycenes with a 
significant phototoxic activity against gram-negative bacteria. Hamblin et al. (78) demonstrated 
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the effectiveness of a pL-ce6 conjugate with a chain length of 37 lysines attached to one ce6 
molecule against both gram-positive and gram-negative species.  
Stimulation of porphyrins by addition of 5-ALA 
Kennedy and Pottier showed that it was possible to stimulate an increased synthesis of 
porphyrins in bacteria which do not have the tendency to naturally accumulate endogenous 
porphyrins by the exogeneous addition of 5-aminolevulinic acid (5-ALA) (120). Gabor et al. 
demonstrated the inactivation of E. coli but not E. hirae after ALA incubation and white light 
illumination (121). In another study, Szocs et al. (122) showed that non-photoactive 
metalloporphyrins could be formed and a similar discovery was made by other workers for the 
yeast Candida guilliermondii (123).   
Modification of PS formulations 
A number of PS such as MB, TBO, RB, chlorine e6 and hematoporphyrin have been investigated 
for LAD of microbial pathogens. However, these PS have been found to form aggregates easily 
in aqueous medium, which may lead to a self-quenching effect on the excited state, thus reducing 
the yield of singlet oxygen (1O2) formation (124). Studies have shown that the relatively high 
proportion of aggregated PS in water may favor the formation of radicals instead of singlet 
oxygen (37). To increase the efficacy of LAD, it is preferable to prepare the PS in its monomeric 
form by formulating in suitable carriers. Most studies involving the LAD of microbial pathogens 
use DI water or PBS to dissolve the PS (39, 116). There have also been studies in which the PS 
has been dissolved in brain heart infusion (BHI) broth (36, 38, 39) but these studies reported a 
reduced bactericidal effect with the tested PS and attributed it to the presence of serum proteins 
in the BHI broth.  
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Recently, George and Kishen dissolved MB in different formulations: water, 70% glycerol, 70% 
poly ethylene glycol (PEG) and a mixture of glycerol:ethanol:water (MIX) in the ratio 30:20:50 
and analyzed the photophysical, photochemical and photobiological characteristics (37). They 
showed that aggregation of MB molecules was significantly higher in water when compared to 
other formulations. The MIX-based MB formulation showed effective penetration into dentinal 
tubules, enhanced model substrate photo-oxidation and singlet oxygen generation which in turn, 
improved the bactericidal action. A subsequent study showed that there was a significantly 
higher impairment of the bacterial cell wall and extensive damage to chromosomal DNA when 
MB was used in a MIX-based formulation when compared to water (71). The following year, the 
same group showed that inclusion of an oxidizer and oxygen carrier in the PS formulation would 
facilitate comprehensive disinfection of a matured endodontic biofilm by LAD (125). An 
emulsion consisting of an oxygen carrier, perfluorodecahydronaphthalene, an oxidizer, hydrogen 
peroxide and a detergent triton-X100 was found to be the most effective PS formulation for 
photo-oxidation, generation of singlet oxygen and disinfecting biofilm bacteria. 
Specific drug delivery systems   
Specifically designed drug delivery systems can reduce the likelihood of aggregation of potential 
photosensitizing agents. Encapsulation techniques that have previously been applied to prevent 
the formation of aggregates include liposomes (126), polymeric micelles (127) and nanoparticles 
(128). Recently, Tsai et al. conducted a study to increase the efficacy of PS, in which 
hematoporphyrin (Hp) was used as a model drug and encapsulated in liposomes and micelles by 
a modified reversed-phase evaporation and extrusion method (129). The bactericidal efficacy of 
the carrier-entrapped Hp was assessed against gram-positive bacteria. They concluded that PS 
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entrapped in micelle exert similar or better LAD efficacy than that of liposome, thus indicating 
that this formulation may be useful for the treatment of local infections in the future. 
Use of efflux pump inhibitors  
Cells, both prokaryotic and eukaryotic possess families of membrane proteins termed ‘efflux 
pumps’ that act to remove amphiphilic molecules from within the cell. Given that many drugs 
are amphiphilic in nature, combining hydrophobic properties that facilitate cell penetration and 
hydrophilic properties that allow for tissue distribution by these compounds throughout the body, 
efflux pumps can effectively remove these molecules from within both prokaryotic and 
eukaryotic cells. Efflux is the process in which bacteria transport compounds which are 
potentially toxic such as drugs or chemicals outside the cell (130). The structure and mechanism 
of drug extrusion of an efflux pump is shown in Figure 2.5.1. Many of these efflux pump 
systems have broad substrate profiles that allow structurally diverse drugs/chemicals/compounds 
to be extruded (e.g., “multidrug resistance pumps” such as Bacillus subtilus Bmr; Escherichia 
coli AcrAB and the Pseudomonas aeruginosa MexAB), and there are specific pumps that have 
been characterized as having a very limited profile of agents to extrude (e.g., TetA in E. coli) 
(131). Efflux has been identified as a relevant contributor to bacterial resistance (132). Inhibiting 
bacterial efflux with an efflux pump inhibitor (EPI) would restore the activity of an antimicrobial 
subject to efflux. The feasibility of such an approach has been experimentally demonstrated in 
vitro and in vivo for efflux reversal of certain drugs (133) 
Efflux pumps can be classified by the mechanism of drug extrusion which is either 
transmembrane proton gradient energy driven (134) or H+ ATP-hydrolysis energy driven (135) 
which includes the major facilitator superfamily (MFS), resistance nodulation cell division 
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family (RND), small multi-drug resistance family (SMR) and the recently reported multidrug 
and toxic compound extrusion family (MATE) (136). Within the ATP hydrolysis-driven energy 
class are the ABC-transporters, which are functionally related to the eukaryotic multi-drug 
resistance P-glycoprotein (137).  
 
Figure 2.5.1: Schematic diagram showing the mechanism of drug extrusion of an efflux pump  
(Adapted from www.medscape.com) 
Recently, Kvist et al. reported that efflux pumps are highly active in bacterial biofilms, thus 
making efflux pumps attractive targets for anti-biofilm measures (138). A similar observation 
was made by Zhang and Mah who reported that efflux pumps are more highly expressed in 
biofilm cells than in planktonic cells (139).  
It has been suggested that amphipathic cations represent the existing natural substrates of MEP 
(140), and these molecules have been frequently used to study MEP-mediated efflux. It has been 
established that disabling MEP by employing either MEP mutants or synthetic EPI leads to a 
striking increase in the activity of a wide array of plant secondary metabolites, including natural 
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MEP substrates (141). Tegos and Hamblin showed that phenothiazinium dyes, which are 
structurally characterized as amphipathic cations, were substrates of MEP (45). In a second 
study, they showed that inhibitors of bacterial MEP when used in combination with 
phenothiazinium dyes, could potentiate LAD (46).  
Despite much work on discovering and optimizing the structures and activity of EPI, there have 
yet not been any clinical applications. One of the reasons for this lack of progress to the clinic 
has been the unacceptable toxicity of some of these compounds in rodent infection models (142).    
2.7 Calcium hydroxide as an endodontic medicament 
The initial reference to the use of calcium hydroxide has been attributed to Nygren (1838) for the 
treatment of ‘fistula dentalis’. Calcium hydroxide became more widely known through the 
pioneering work of Hermann in the 1930’s. Since then, it has been widely utilized in endodontic 
treatment as an intracanal dressing and its history of use over a long period of time in the 
endodontic field has established its safety. Today, it is still the most commonly used endodontic 
medicament throughout the world (143). Calcium hydroxide has low solubility in water, an 
inherently high pH (approximately 12.5-12.8) and is insoluble in alcohol. The physical and 
chemical properties of calcium hydroxide are illustrated in Figure 2.6.1. Its low water solubility 
is a useful characteristic because a long period is necessary before it becomes soluble in tissue 
fluids when in direct contact with vital tissues. The bactericidal effects are attributed to the 
release and diffusion of hydroxyl ions (OH-) leading to a highly alkaline environment which 
prevents the growth and survival of bacteria, most of which cannot survive pH 11 or above. The 
biochemical actions of calcium hydroxide mainly include (i) initiation of mineralization (ii) 
dissolution of necrotic material and (iii) antibacterial effects. In addition, calcium hydroxide has 
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also been reported to denature and detoxify bacterial products such as LPS and in doing so, it can 
assist periapical tissue repair (144).   
 
Figure 2.6.1: Physical and chemical properties of calcium hydroxide 
(Source: http://en.wikipedia.org/wiki/Calcium_hydroxide) 
Mechanism of action 
The bactericidal effects of calcium hydroxide are due to: 
1. Damage to the microbial cytoplasmic membrane by the direct action of hydroxyl ions: The 
hydroxyl ions can induce lipid peroxidation. There is destruction of phospholipids, the structural 
components of the cell membrane. The OH- removes hydrogen atoms from unsaturated fatty 
acids and thereby initiates an autolytic chain reaction (145) 
2. Protein denaturation: The optimum activity and stability of enzymes is within a narrow range 
of pH which is close to neutral. Calcium hydroxide 
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breakdown of ionic bonds that maintain the tertiary structure of proteins. These changes lead to 
the loss of biological activity of enzyme and disruption of cellular metabolism (146) 
3. Inhibition of DNA replication by splitting the DNA 
In vitro and in vivo studies demonstrating the antimicrobial activity of calcium hydroxide 
Most studies using an infected tooth model have reported that calcium hydroxide is ineffective 
against E. faecalis. Brändle et al. reported that E. faecalis re-suspended after growing as a 
biofilm on in vitro dentin disks did not show apparent change in survival upon exposure to 100% 
calcium hydroxide compared to planktonic or free-floating organisms (147). They also reported 
that mono-species biofilms of E. faecalis were resistant to 100% calcium hydroxide after 100 
min of exposure (147). Portenier et al. reported that a saturated solution of calcium hydroxide 
was unable to kill E. faecalis in the presence of dentine, hydroxyapatite and bovine serum 
albumin (148). Evans et al. subjected E. faecalis cells to sublethal concentrations of calcium 
hydroxide with and without various pre-treatments. They reported that a functioning proton 
pump with the capacity to acidify the cytoplasm is critical for the survival of E. faecalis at high 
pH (149). Waltimo et al. compared the susceptibility of E. faecalis and Candida spp. to calcium 
hydroxide and showed that Candida species are equally if not more resistant to saturated calcium 
hydroxide compared to E. faecalis (150).  
In vivo studies by Ørstavik et al. (151) and Shuping et al. (152) reported that calcium hydroxide 
was found to be very effective in eliminating bacteria within the root canals after a 1 week 
dressing. However a study by Peters et al. (153) reported that even after a 4 week dressing with 
calcium hydroxide, 71% of the teeth were positive to culture. Several other studies conducted by 
Byström et al. (28), Cvek et al. (154), Molander et al. (155) and Kvist et al.(18)  have reported  
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comparable range of outcomes of 14% to 36% of detectable bacterial growth following 
medication of the root canals with calcium hydroxide.  
Limitations of calcium hydroxide 
The limited effectiveness of the short-term use of calcium hydroxide in disinfecting dentinal 
tubules could be due to (156): (i) inhibition of dentinal protein buffering, particularly in terms of 
the ability of hydroxyl ions to reach the apical third and exert an antibacterial effect. (ii) low 
solubility and diffusion of calcium hydroxide may make it difficult to gain a rapid increase in pH 
to reach the level necessary to eliminate or kill bacteria within the dentinal tubules and 
anatomical variations (iii) the varying alkaline potential of different formulations (iv) bacterial 
biofilms within the dentinal tubules which protect those located deeper inside the tubules (v) 
necrotic tissue in ramifications, isthmuses and irregularities which may protect bacteria from the 
action of calcium hydroxide (vi) demonstrated ineffectiveness against endodontic pathogens such 
as E. faecalis and Candida spp. and (vii) promoting the adhesion of bacteria to collagen which 
increases the extent of tubule invasion and thereby resistance to further disinfection (157).  
2.8 Summary 
In endodontic literature, the success rate of conventional root canal treatment is reported to range 
between 70% and 95% (158). These figures apply to root canal treatments carried out by 
specialists and supervised dental students where a higher expertise would result in a better 
technical standard of treatment. However, it has been suggested that the success rate is distinctly 
lower for teeth treated in general practice (158).  
It has been well established that current techniques are still not effective against all 
microorganisms found in the root canal system. The bacteria that survive root canal disinfection 
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can establish and proliferate inside the root canal system. The antimicrobials most commonly 
employed for irrigation are chemical agents such as sodium hypochlorite, chlorhexidine and 
EDTA while calcium hydroxide is popularly used as an intracanal medicament. The use of these 
chemicals has to be supplemented with mechanical instrumentation for the disinfection 
procedure to be effective. In addition, the penetration of these chemicals into the dentinal tubules 
is crucial especially when bacteria can remain untouched when present in inaccessible areas 
within the anatomical complexities of the root canal system. In the past, efforts were made to use 
higher concentrations of these chemicals in an attempt to enhance the bacterial elimination. 
However the issues of toxicity associated with the use of some of these chemicals needed to be 
addressed. Also, doubts were raised regarding the possible development of resistance in the 
target organisms associated with long term use of some of these antimicrobial agents. Besides, 
studies have also shown that chemicals such as sodium hypochlorite adversely affect the 
chemical and mechanical properties of the dentin. Furthermore, with regard to root canal 
medicaments, it was observed that some of the common root canal pathogens such as E. faecalis 
were resistant to calcium hydroxide and it could even promote increased adhesion of this 
organism to collagen. Studies have shown that the chief difficulty faced in eliminating bacterial 
growth in root canals is the fact that they grow as biofilms. Bacterial biofilms are known to be 
notoriously difficult to eradicate and show increased resistance to a wide range of antimicrobial 
compounds. This aspect, together with the various shortcomings of the conventional disinfection 
procedure has initiated new drug or technology discoveries to combat these resistant organisms. 
In this regard, LAD can be considered as a promising new approach to disinfecting root canals. 
Numerous studies in literature have demonstrated that LAD is effective against a wide range of 
microbial pathogens that includes wild and antibiotic resistant gram-positive bacteria, gram-
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negative bacteria, yeasts, viruses and protozoa. Due to this reason, it has been suggested as an 
alternative or adjunct to conventional antimicrobial agents in combating polymicrobial or mixed 
infections involving biofilms. LAD involves the activation of PS in the presence of oxygen to 
produce reactive oxygen species such as singlet oxygen that are cytotoxic to the bacterial cells. 
Studies have shown that unlike antibiotics, LAD acts on multiple targets in a bacterial cell such 
as membrane lipids, genomic DNA, proteins and enzymes that reduce the chance of bacteria 
acquiring resistance to treatment.  
In the past, there have been several in vitro and limited in vivo studies which have evaluated the 
use of LAD for root canal disinfection. A vast majority of these studies employed either 
phenothiazinium based PS such as MB and TBO, phthalocyanines or chlorins along with a 
combination of low power lasers to achieve their objective. So far, many studies have 
demonstrated the effect of LAD on various species of endodontic pathogens in planktonic 
suspensions or in immature biofilms. Not many studies have correlated the efficacy of LAD of a 
single bacterial species in different growth modes. Compared to bacteria in the planktonic form, 
bacteria in co-aggregation with other bacterial species as well as in biofilms represent a common 
mechanism for the survival of bacteria in nature. It has been also been reported that bacterial 
aggregation forms an important element in biofilm formation. The latter two modes of bacterial 
growth are more clinically realistic from an endodontic perspective. All the LAD studies 
conducted on immature biofilms in the past, failed to report a complete inactivation of bacteria. 
This observation made it clear that although a combination of light and PS may suffice for the 
LAD-mediated inactivation of planktonic bacteria, it was not sufficient in the case of biofilms. 
As the body of evidence emphasizing the importance of biofilms in endodontic infections kept 
growing, it became clear that strategies to potentiate the anti-biofilm efficacy of LAD were 
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crucial. LAD should not only effectively inactivate biofilm bacteria, but it should also physically 
disrupt the biofilm structure in order to find significant clinical application in the disinfection of 
the endodontic biofilm.   
Several researchers have devised new strategies to improve the antibacterial efficacy of LAD. 
Most of these strategies involve pre-treatments with membrane-disrupting agents to facilitate 
uptake of the PS, inducing structural modifications to the PS or designing of specific drug 
delivery systems. Although these strategies may be effective in enhancing the inactivation of 
bacteria, the issue of biofilm disruption has not been addressed properly, especially from an 
endodontic point of view. Until now, there have been very few attempts to design “tissue-
specific” conditions for LAD in order to enhance its anti-biofilm efficacy. Incorporating 
components into the PS formulation that can increase the diffusion of the PS through the dentinal 
tubules and anatomical complexities, increase the uptake of the PS by the bacterial cells and 
facilitate comprehensive inactivation of the resident bacteria along with disruption of the biofilm 
structure would result in a significantly enhanced treatment outcome. Another strategy which has 
not been investigated appreciably is the use of EPIs to overcome the antibacterial resistance to 
certain compounds mediated by specific MEPs. Studies have shown that efflux in bacteria is one 
of the causes of antibacterial resistance. There is evidence in literature to show that certain 
antimicrobial agents including certain phenothiazinium PS are substrates of MEPs. EPIs are 
synthetic chemicals that have the potential to block/inhibit specific efflux pumps and thus restore 
the activity of an antimicrobial subject to efflux. The incorporation of an EPI into the 
antibacterial strategy can potentiate the anti-biofilm action especially since bacteria within 
biofilm have been found to express efflux pumps more significantly than their planktonic 
counterparts. 
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2.9 Outline of the thesis 
Experiments conducted to achieve the specific objectives of this thesis are elaborated in 
subsequent chapters. A schematic representation of the outline of the thesis is shown in Figure 
2.8.1. Chapter 3 includes experiments dealing with the characterization of anionic and cationic 
PS for the LAD of E. faecalis. In addition, the difference in structural damage of E. faecalis 
biofilms with the two types of PS following LAD is assessed. Chapter 4 specifically deals with 
experiments evaluating the influence of different bacterial growth modes on the susceptibility of 
a gram-positive (E. faecalis) and a gram-negative (P. aeruginosa) microorganism to LAD. The 
survival of bacteria in a planktonic suspension, co-aggregated suspension and in biofilms 
following MB-mediated LAD are evaluated and compared. Furthermore, the use of an EPI in 
potentiating the anti-biofilm efficacy of E. faecalis in combination with LAD and calcium 
hydroxide is evaluated. Chapter 5 focuses mainly on the biofilm mode of growth and includes 
experiments on E. faecalis and P. aeruginosa incorporating different MB formulations to achieve 
maximum anti-biofilm efficacy. Both the cell viability and the structural damage to the biofilms 
following LAD are evaluated. Chapter 6 involves LAD experiments conducted in an in vitro bio-
molecular biofilm model with further emphasis on the type and combination of MB formulations 
required for complete inactivation and structural disruption of E. faecalis biofilms along with 
evaluation of the effect of increasing the light energy dose for LAD. The overall discussions of 
the investigations detailed in Chapter 7 and Chapter 8 includes the cumulative conclusions drawn 
from all the experiments conducted in this study. 
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Chapter 3: Characterization of anionic and cationic photosensitizers 
for LAD of Enterococcus faecalis biofilms 
 
Abstract 
Experiments conducted in this chapter aimed to investigate the  ability of two types of PS - 
cationic, phenothiazinium dyes – MB and TBO and an anionic, xanthene dye - RB to inactivate 
and disrupt Enterococcus faecalis (OG1RF, FA2-2 and ATCC 29212) biofilms by LAD. 
Quantification was done by conventional culturing techniques along with confocal laser 
scanning microscopy (CLSM) to assess the structural damage to the biofilm. The results of the 
experiments showed that LAD with cationic MB and TBO as the PS produced superior 
inactivation of E. faecalis biofilms when compared to the anionic RB (p<0.05). The structure of 
the E. faecalis biofilm was significantly damaged as judged by CSLM after LAD with cationic 
MB, but not anionic RB. These experiments demonstrate the advantage of cationic 
phenothiazinium PS for LAD to inactivate biofilm bacteria and disrupt the biofilm structure.   
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3.1 Introduction 
Phenothiazinium dyes such as MB and TBO are a frequently employed class of antimicrobial PS. 
These PS are water-soluble and cationic molecules with a core structure composed of a planar 
tricyclic aromatic ring system. Photosensitization reactions induced by the excitation of MB and 
TBO are known to cause damage to nucleic acids, proteins, lipids and biological membranes 
(76). This LAD-mediated damage is thought to be triggered by both Type 1 and Type 2 reactions 
(76). Phenothiazinium dyes have shown to have phototoxic efficacy against a broad range of 
microorganisms (34, 37, 68, 69, 116). The combination of MB or TBO together with red light 
has been used clinically to disinfect blood products, sterilize dental cavities and root canals and 
treat periodontitis (77, 84, 88).  
RB is an anionic, water-soluble PS belonging to the class of xanthene dyes, which absorbs light 
in the range of 500 nm. Owing to its high triplet state and singlet oxygen quantum yields (159), it 
has been investigated as a PS for antimicrobial LAD. Previous studies have shown the 
photodynamic action of RB to be more effective against gram-positive bacteria when compared 
to gram-negative bacteria (160). Studies have also shown that RB, at low concentrations and 
along with visible light, promotes cellular death of bacteria without causing damage to 
mammalian cells (161). These factors favor the selection of this dye in an antimicrobial LAD 
protocol.  
Increasing literature in endodontics is now available on the existence of biofilm communities on 
root canal walls, coupled with findings showing that the adaptive mechanisms of bacteria in 
these biofilms are significantly augmented for increased survival (106). This makes the 
eradication of endodontic biofilms with conventional treatments a challenging task. 
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Enterococcus faecalis, a gram-positive species is a common endodontic pathogen whose 
persistence in the root canal presents a significant therapeutic problem (8, 12, 13). The majority 
of clinical isolates of E. faecalis have the ability to form mono-species biofilms in vitro (162). In 
addition to the presence of virulence factors, studies have shown that E. faecalis has the ability to 
form calcified biofilm on the root canal dentine. This has been suggested to be a factor that 
contributes to their persistence following endodontic treatment (13).  
The experiments conducted in this chapter are based on the hypothesis that cationic PS such as 
MB and TBO may produce superior inactivation and a greater disruption of E. faecalis biofilms 
when compared to anionic PS such as RB.  
In the past, there have been several investigations testing the efficacy of LAD to inactivate E. 
faecalis biofilms using phenothiazinium PS (36, 37, 38, 41, 42). However, studies to date have 
not compared the role of cationic and anionic PS in the management of E. faecalis biofilms. 
Experiments in this chapter aimed to investigate the ability of cationic, phenothiazinium dyes vs. 
an anionic, xanthene dye to inactivate E. faecalis biofilms by LAD. Further, the LAD-mediated 
structural damage to the biofilms using these dyes was assessed by three-dimensional CLSM.  
3.2 Experiments 
Bacterial strains and culture conditions: Enterococcus faecalis strains OG1RF, FA2-2 and 
ATCC 29212 were used. The characteristic of the strains of E. faecalis used in the experiments 
are listed in Table 3.2.1. The bacterial strains were cultured in BHI broth with aeration at 37°C 
under shaking conditions in an orbital incubator (100 rpm). Cell growth was assessed with a 
spectrophotometer (Shimadzu, Mini 1240, Japan) at 600nm (OD600). Cells were used for 
experiments in the logarithmic growth phase (OD600 ~0.7 or 108 per mL). 
Chapter 3: Characterization of PS for LAD 
56 
 
STRAIN DESCRIPTION REFERENCES 
E. faecalis OG1RF Plasmid free 
Gelatinase and serine 
protease producing strain 
Murray et al. 1993 (163) 
E. faecalis FA2-2 Commonly used laboratory 
strain 
Lacks the Fsr system 
Clewell et al. 1982 (164) 
E. faecalis ATCC 29212 Control strain 
Gelatinase negative 
Kanemitsu et al. 2001 (165) 
 
Table 3.2.1: Characteristics of the E. faecalis strains used in the experiments 
PS, chemicals and light sources: All chemicals used in the experiments of this chapter and the 
subsequent chapters were of analytical grade and were purchased from Sigma Aldrich (St. Louis, 
MO) unless mentioned otherwise. A stock solution of MB, TBO and RB was prepared in sterile 
DI water at a concentration of 1mmol/L and from this different concentrations of MB, TBO and 
RB were prepared. All PS solutions were stored at 4°C in the dark until further use.  
A non-coherent light source with interchangeable fiber bundles (LCM-122M, California, USA) 
was employed. Thirty-nm band pass filters at ranges 660 ±15 nm for MB, 635 ±15nm for TBO 
and 540 ±15 nm for RB and were used. The total power output obtained from the fiber optic 
Chapter 3: Characterization of PS for LAD 
57 
bundle probe (FOP) was 0.106 W, 0.190 W and 0.07 W at 660, 635 and 540 nm wavelengths 
respectively. Figure 3.2.1 shows the experimental set up of the light source used for LAD.  
 
Figure 3.2.1: Experimental setup for LAD of in vitro biofilms using a non-coherent light source 
3.2.1 Absorption spectrum of MB, TBO and RB 
The absorption spectra of MB, TBO and RB in concentrations ranging from 10 - 100 µmol/L in 
DI water were determined using a UV/VIS spectrophotometer (UV-1700, Shimadzu, Japan). 
This was done to determine the peak absorption corresponding to the dimer and monomer for 
each of the PS. It has been shown that the photophysical and photochemical characteristics of PS 
such as MB are modulated by the amount and type of dimer formed.  Dimer formation may 
decrease the production of singlet oxygen, the principal agent required for bacterial killing and 
hence a PS formulation that stabilizes the monomer is preferred for therapeutic purposes. (166). 
The ratio of absorbance at the wavelength corresponding to the monomer to the absorbance at 
wavelength corresponding to the dimer was calculated and plotted as an index of monomer to 
dimer at increasing concentrations of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 µmol/L based on 
Non-coherent light source 
Power meter 
Fiber Optic Probe  
(FOP) 
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the protocol of Gabrielli et al. (166). The mean ratio was calculated from three independent 
absorbance readings.  
3.2.2 LAD of E. faecalis biofilms  
Four-day old biofilms of E. faecalis (OG1RF, FA2-2 and ATCC 29212) were each developed in 
24-multiwell polystyrene plates (Thermofisher Scientific, Denmark) using BHI broth as the 
growth medium at 37°C in an orbital incubator under aeration. The growth medium was replaced 
once after 48 hours. At the end of the incubation period, the growth medium was aspirated from 
the wells and the biofilms were gently rinsed once in sterile PBS. LAD was conducted as 
follows: (i) Biofilms were incubated with 1 mL of the appropriate PS at 37°C in the dark for 15 
min at a concentration of 100 µmol/L. The excess PS was removed using a micropipette. (ii) 
Wells were irradiated with the non-coherent light source to deliver an energy dose range of 10 
J/cm2 to 40 J/cm2 respectively on the surface of the biofilm. During irradiation, the tip of the FOP 
was placed at the level of the top edge of the well. The adjacent wells were shielded by covering 
them with aluminum foil during the irradiation of individual wells. Controls included biofilms 
that did not receive any treatment (sterile PBS), biofilms treated with PS alone and biofilms 
treated with light alone.  
After LAD, the wells were gently rinsed once with sterile PBS and 500 µL fresh BHI medium 
was added. The medium was flushed using a micropipette for mechanically disrupting the 
biofilms on the walls of the wells. The microwell plates were then incubated at 37°C in the dark 
for 15 min for the enrichment of the biofilm bacteria. Samples were serially diluted 10-fold in 
PBS and streaked horizontally in triplicate on square BHI agar plates as described by Jett et al. 
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(167). Plates were incubated at 37°C overnight to enumerate the CFU/mL. Cell survival was 
expressed as the log10 number of CFU/mL remaining after treatment. 
Statistical Analysis 
Each experiment was performed in triplicate. Statistical tests were performed using SPSS 
(Version 9.0; SPSS Inc., Chicago, IL, USA). Data were analyzed statistically using Kruskal–
Wallis one-way analysis of variance and Mann–Whitney U-tests. The level of statistical 
significance was set at P = 0.05 
3.2.3 CLSM to assess LAD-mediated structural damage to the biofilm 
CLSM was used to examine the structure of the E. faecalis strain OG1RF biofilm before and 
after LAD. For better appreciation of the structure of the biofilm, two-week old biofilms were 
used in this experiment. Biofilms were grown on a glass coverslip that was fixed covering a 
groove (6 mm diameter) at the bottom of a petri dish.  The bacterial suspension (100 µL 
containing ≈ 108cells/mL) prepared from an overnight stationary culture phase was inoculated 
onto the petri dish. After two weeks of incubation with growth medium replaced on alternate 
days, the biofilms were washed and sensitized with either MB or RB (100 µmol/L) at 37°C in the 
dark for 15 min. The excess PS was removed and the biofilms were exposed to irradiation with a 
non-coherent light (energy dose of 40 J/cm2) as described previously. Following irradiation, the 
specimens were gently rinsed once in sterile PBS. The LIVE/DEAD BacLight Viability kit L-
7007 (Molecular Probes, Eugene, OR, USA) contains separate vials of two fluorescent nucleic 
acid stains (SYTO 9 and propidium iodide). The stains were used in 1:1 mixture for staining the 
biofilm bacteria following manufacturer’s instructions. The LIVE/DEAD BacLight Viability kit 
was developed to differentiate live and dead bacteria based on plasma membrane permeability. 
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The stain SYTO9 penetrates both viable (live) and non-viable (dead) bacteria while propidium 
iodide penetrates bacteria with damaged plasma membranes only, quenching the green SYTO9 
fluorescence. Thus bacterial cells with compromised membranes fluoresce red and those with 
intact membranes fluoresce green. CLSM images of the biofilms were obtained using a Kr/Ar 
laser (488 nm excitation wavelength) fitted with a long-pass 514-nm emission filter. Eight 
randomly chosen areas from each of the three samples per group were imaged using 60X water-
immersion lenses. The optical sections of the biofilm structure were recorded and analyzed by 
using IMARIS 6.3 software (Bitplane Scientific, Zurich, Switzerland). The three-dimensional 
images and cross sections through the biofilm were generated by the software. Measurement of 
the biofilm thickness and distribution of live (green) and dead (red) cells were assessed by the 
frame and new spots option respectively of the IMARIS software package. 
3.3 Results 
3.3.1 Absorption spectrum of MB, TBO and RB 
Figure 3.3.1 (A) shows the absorption spectra of MB dissolved in DI water in concentrations 
ranging from 10-100 µmol/L. The spectrum showed two bands peaking at 612 and 664 nm 
corresponding to the dimer and monomer respectively. The positions of the monomer and dimer 
are in agreement with previously reported values (37, 168). As the molar concentration of MB 
was increased from 10-100 µmol/L, the absorption characteristics of MB changed. The peak 
corresponding to the dimers became more prominent along with the concentration, indicating the 
aggregation of PS molecules. There was a linear reduction in the monomer to dimer ratio.  
Figure 3.3.2 (A) shows the absorption spectra of TBO dissolved in DI water in concentrations 
ranging from 10-100 µmol/L. The spectrum showed two bands peaking at 590 and 635 nm 
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corresponding to the dimer and monomer respectively. The positions of the monomer and dimer 
are in agreement with previously reported values (168). As seen with MB, an increase in molar 
concentration of TBO caused the peak corresponding to the dimer to become more prominent 
along with the concentration. There was a shift in the monomer:dimer peak with a shift in 
intensity towards the dimer at and above concentrations of 50 µmol/L.  
Figure 3.3.3 (A) shows the absorption spectra of RB dissolved in DI water in concentrations 
ranging from 10-100 µmol/L. The spectrum showed two bands peaking at approximately 514 
and 549 nm corresponding to the dimer and monomer respectively. The positions of the 
monomer and dimer are in agreement with previously reported values (169). With an increase in 
the molar concentration of RB, the peak corresponding to the monomer became depressed and 
the dimers became more prominent along with the concentration, indicating the aggregation of 
PS molecules (most noticeable above a concentration of 50 µmol/L). In other words, on 
increasing dye loading, the ratio between the long and the short wavelength absorption bands 
decreases and both bands broaden slightly. No noticeable shift of both bands with concentration 
was observed. 




Figure 3.3.1: (A) Mean absorption spectrum of increasing concentrations of MB in DI water 
 
 
Figure 3.3.1: (B) Monomer to dimer ratio (absorbance at 664/612) of increasing concentrations 
of MB in DI water 
 
 




Figure 3.3.2: (A) Mean absorption spectrum of increasing concentrations of TBO in DI water 
 
 
Figure 3.3.2: (B) Monomer to dimer ratio (absorbance at 635/590) of increasing concentrations 
of TBO in DI water 
 




Figure 3.3.3: (A) Mean absorption spectrum of increasing concentrations of RB in DI water 
 
 
Figure 3.3.3: (B) Monomer to dimer ratio (absorbance at 549/514) of increasing concentrations 
of RB in DI water 
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3.3.2 LAD of E. faecalis biofilms 
Figure 3.3.4 (A, B, C) shows surviving bacteria after LAD of E. faecalis OG1RF, E. faecalis 
FA2-2 and E. faecalis ATCC 29212 biofilms respectively using MB, TBO and RB as the PS. All 
three PS produced a dose-dependent significant killing of all three strains of E. faecalis biofilms 
(p<0.05). Biofilms of the strain FA2-2 were more susceptible to LAD when compared to OG1RF 
and ATCC 29212. The cationic PS, MB and TBO produced comparable killing of E. faecalis 
biofilms and were significantly higher when compared to the anionic PS RB (p<0.05). The dark 
toxicity of RB was approximately 0.6 to 1 log10 CFU reduction which was much higher 
compared to MB and TBO. Light alone failed to bring about significant bacterial killing.  
 
 









Figure 3.3.4: (B) LAD of E. faecalis (FA2-2) biofilms using MB, TBO and RB 
 
 
Figure 3.3.4: (C) LAD of E. faecalis (ATCC 29212) biofilms using MB, TBO and RB 
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3.3.3 CLSM to assess LAD-mediated structural damage to biofilm  
CLSM was conducted to evaluate and compare the structural damage to the biofilm caused by 
LAD-mediated with a cationic and an anionic PS. Since MB and TBO possess similar structure, 
charge and were observed to have a comparable antibacterial effect against E. faecalis biofilms, 
for the CLSM analysis, MB was chosen as the cationic dye to be compared against the anionic 
RB. Figure 3.3.5 reveals representative images of the untreated and treated biofilm structure 
formed by E. faecalis OGR1F strains on the petri dishes. There were both viable and dead cells 
distributed within the biofilm structure, with more viable cells on the outer surface of the 
biofilm, while more dead cells in the inner aspects of the biofilm. The average thickness of the 
untreated (control) biofilm was 22 µm (A). PS alone and light irradiation alone did not bring 
about significant inactivation of biofilm bacteria or disruption of the biofilm structure. LAD with 
RB as the PS did not produce substantial destruction of the biofilm structure (total thickness of 
15 µm), nor did it result in a considerable reduction in the number of viable cells in the biofilm 
(B). On the other hand, LAD with MB as the PS produced substantial destruction of the biofilm 
structure (total thickness of 11 µm) along with increased killing of resident bacterial cells (C).  
The viable to dead cell ratio determined from the CLSM images showed significant difference 
between the control, LAD with RB and LAD with MB groups (p<0.01). The control group 
showed the greatest amount of viable cells (viable: dead cell), while LAD with MB produced the 
least number of viable cells and maximum increase in dead cells.  
 










Figure 3.3.5: The three-dimensional CLSM reconstruction of the biofilm subjected to LAD 
(inset shows the sagittal section) (A) The untreated biofilm (B) The biofilm subjected to 
sensitization with RB followed by irradiation (C) The biofilm subjected to sensitization with MB 
followed by irradiation.  
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3.4 Discussion 
The results of the absorption spectrum of MB, TBO and RB revealed their photophysical 
characteristics. MB and TBO have an intense absorption band in the red region of the spectrum. 
The absorption spectrum of MB, TBO and RB in water at 100 µmol/L concentration displayed 
peak maxima corresponding to the dimer. Earlier studies have shown that dimer formation may 
decrease the production of singlet oxygen; hence a formulation that stabilizes the monomer is 
preferred for therapeutic purposes (166).   
Previous studies have shown that gram-positive bacteria can be inactivated by both cationic and 
anionic PS (33). The results of the LAD experiments showed that cationic dyes MB and TBO 
produced superior ability to inactivate E. faecalis strains in a biofilm state compared to the 
anionic dye RB. The reason for this could be directly related to the EPS associated with biofilms. 
The basis for this explanation is a study by Gad et al. reporting that extracellular slime can affect 
the LAD-mediated inactivation of gram-positive bacteria (170). Thus, it may be possible that the 
EPS associated with the biofilm could increase the binding of cationic or anionic PS molecules 
but at the same time could hinder their penetration to more sensitive intracellular locations. The 
inferior performance of the anionic RB may be explained by the EPS trapping the PS on the 
outside of the cell due to ionic or hydrophobic interactions. In addition to this, the teichoic acids 
give the gram-positive cell wall an overall negative charge due to the presence of phosphodiester 
bonds between teichoic acid monomers and this could promote electrostatic repulsion with the 
negatively charged RB. Both these factors could thereby reduce the amount of PS penetrating to 
the cell membrane which is a major site for LAD-mediated damage. Another reason could be 
that the PS trapped within the EPS could act as an optical shield by absorbing the photons and 
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generating harmless ROS outside the cell while reducing the photons reaching the PS within the 
cell.  
The CSLM analysis suggested that following LAD with MB and RB, the major effects occurred 
in the superficial layers of the biofilms, leaving the innermost bacteria viable. The reason for this 
could be the inability of the PS to diffuse through the entire thickness of the biofilm. However, 
the results showed that between the two PS, the LAD treated biofilm of E. faecalis, was more 
substantially destroyed with MB. Cationic MB interacted well with the biofilm leading to very 
significant killing of resident bacteria and destruction of biofilm structure. LAD with RB did not 
produce significant killing of the resident bacteria or any obvious destruction of biofilm 
structure. This lack of killing reflects the subcellular location of the PS in a relatively superficial 
layer as RB lacks any positive charge needed to gain deeper penetration. Therefore, it can be 
suggested that though anionic in nature RB accumulated well within the biofilm structure but did 
not produce very significant killing of biofilm bacteria or disruption of biofilm structure upon 
irradiation.  
This experiment highlighted the advantage of cationic phenothiazinium PS like MB to inactivate 
biofilm bacteria and also disrupted biofilm structure.  
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Chapter 4: Influence of bacterial growth modes on the susceptibility 




Experiments conducted in this chapter evaluated the efficacy of LAD on gram-positive 
(Enterococcus faecalis) and gram-negative (Pseudomonas aeruginosa) species in different 
growth modes. The role of efflux pumps in altering the susceptibility of E. faecalis biofilms to 
LAD and an intra-canal medicament calcium hydroxide was also evaluated. LAD using MB was 
tested on E. faecalis in a planktonic, co-aggregated suspension and biofilms and on P. 
aeruginosa in planktonic suspension and biofilms. To evaluate the role of efflux pumps, an EPI 
was incorporated into the MB formulation for LAD and varying concentrations of aqueous 
calcium hydroxide and tested against E. faecalis biofilms. The antimicrobial activity was 
assessed by determining the CFU/mL following treatment. The results showed that higher energy 
dose was required for LAD of bacteria in a co-aggregated suspension and in biofilm compared 
to their planktonic counterparts. Biofilm mode of growth offered the greatest resistance to LAD 
in both the tested species of pathogens (p<0.001). The anti-biofilm effect on E. faecalis biofilms 
using the EPI was potentiated more significantly with LAD compared to lower concentrations of 
calcium hydroxide (p<0.05). 
Chapter 4: Influence of bacterial growth modes 
73 
4.1 Introduction 
Nair reported that microbes within the root canal system grow in sessile biofilms, aggregates, co-
aggregates and also as planktonic cells suspended in the fluid phase of the canal (171). One 
mechanism by which colonization of treated root canals by certain species of endodontic 
pathogens may be facilitated is via co-aggregation interactions with other species in the infected 
root canal. Co-aggregation is defined as the specific cell to cell recognition that occurs between 
genetically distinct cell types leading to the formation of clumps or co-aggregates composed of 
the two partner cell types. Co-aggregating pairs usually also have the potential to co-adhere (co-
adhesion being defined as the interaction between an adhering, sessile microorganism and 
planktonic organism of a different strain or species). Co-aggregation and co-adhesion are 
considered as one of the many initial events contributing to the development of biofilms (172). 
Over the past decade, bacteria in the form of biofilms have been recognized as an important 
cause of a variety of human infections including endodontic infections (171). Co-aggregation 
and biofilm formation are a common mechanism by which bacteria colonize and survive in their 
econiches.  
The gram-positive facultative anaerobe E. faecalis and gram-positive anaerobe A. israelii have 
been reported to be associated with both primary root canal infections (usually in a low 
prevalence) and persistent infections, which can result in treatment failure (13, 173). Previous 
studies have shown the ability of E. faecalis to consistently co-aggregate with F. nucleatum 
(174). It has been postulated that individual bacteria gain a survival advantage by co-aggregating 
with other bacteria within biofilms by the formation of ordered assemblies of bacteria with 
species-specific molecular interactions. Further, these relationships might allow the bacteria to 
adapt to fluctuating environmental conditions (175). E. faecalis is also known to form biofilms 
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within the root canal walls which can pose a serious challenge to treatment (8, 12, 13). 
Understanding these complex bacterial interactions in different growth modes and their 
individual susceptibility to treatment will aid in their elimination.   
Microbial efflux pumps (MEPs) have become broadly recognized as major components of 
microbial resistance to many classes of antibiotics (44). Some MEPs selectively extrude specific 
antibiotics while others, referred to as multidrug resistance pumps (MDRs) expel a variety of 
structurally diverse compounds with differing modes of action (131). Gram-positive species 
mainly have major facilitator type MEPs typified by NorA in S. aureus. It has been suggested 
that amphipathic cations represent the existing natural substrates of MEPs (140) and these 
molecules have been frequently used to study MEP-mediated efflux. It has been established that 
disabling MEPs by employing either MEP mutants or synthetic efflux pump-inhibitors (EPI) 
leads to a striking increase in the activity a wide array of plant secondary metabolites including 
natural MEP substrates (141). Previous reports have showed that phenothiazinium salts, 
structurally characterized as amphipathic cations, were substrates of MEPs in both gram-positive 
and gram-negative species (45) and the use of specific inhibitors of MEP could be used to 
potentiate aPDI of planktonic cells (46). However, the same has not been investigated in a LAD-
mediated antimicrobial strategy using phenothiazinium dyes on E. faecalis biofilms.  
The experiments conducted in this chapter are based on the hypothesis that strain variation and 
mode of bacterial growth (planktonic, co-aggregation, biofilm) may influence the susceptibility 
of gram-positive (E. faecalis) and gram-negative (P. aeruginosa) bacteria to LAD. Further, it 
tests the hypothesis that efflux pumps may play a role in altering susceptibility of E. faecalis 
biofilms to LAD and treatment with calcium hydroxide.   
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The influence of bacterial growth modes on the susceptibility to LAD was evaluated in order to 
improve the general understanding of their relative importance, thus allowing proper 
interpretations of the in vitro findings. Three strains of gram-positive E. faecalis (OG1RF, FA2-2 
and ATCC 29212) were used in the experiments based on different virulence characteristics 
detailed in the previous chapter (Table 3.2.1). E. faecalis was grown as planktonic suspensions, 
co-aggregated suspensions and mono-species biofilms. For co-aggregation studies with E. 
faecalis, the bacterial species A. israelii was chosen. P. aeruginosa was the representative 
species for gram-negative bacteria and this bacterium was grown as planktonic suspensions and 
mono-species biofilms. This facilitated direct comparison of the LAD susceptibility between a 
gram-positive and gram-negative species in different growth modes. Further, the role of efflux 
pumps in altering the susceptibility of E. faecalis biofilms to LAD using phenothiazinium MB 
and varying concentrations of aqueous calcium hydroxide was evaluated. 
4.2 Experiments 
Bacterial strains and culture conditions: The bacterial species used in the experiments were: 
Enterococcus faecalis (OG1RF, FA2-2 and ATCC 29212) and Pseudomonas aeruginosa ATCC 
19660. All strains were grown in BHI broth with aeration at 37°C under shaking conditions in an 
orbital incubator (100 rpm). For co-aggregation studies, Actinomyces israelii ATCC 12102 
grown in trypticase soy broth (TSB) medium (BD-BBL, NJ, USA) supplemented with vitamin 
K2-haemin (BD-BBL, NJ, USA) was used. The A. israelii were grown under anaerobic 
conditions (Nitrogen: Hydrogen: Carbon dioxide, proportioned at 85:10:5). Cell growth was 
assessed with a spectrophotometer (Shimadzu, Mini 1240, Japan) at 600nm (OD600). Cells in the 
logarithmic growth phase were used for experiments (OD600 0.5 ≈ 108 per mL). 
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Photosensitizers, chemicals and light sources: MB dissolved in DI water at a concentration of 
100 µmol/L made from a stock solution of 1 mmol/L was used as the PS. The light source and 
experimental set-up used were the same as described previously (Chapter 3; Figure 3.2.1; Page 
56-57). Thirty-nm band pass filters at ranges 660 ±15 nm for MB were used. The total power 
output obtained from the fiber optic bundle probe was 0.106 W at 660 nm wavelength.  
4.2.1 Visual co-aggregation assay 
Co-aggregation assays were conducted according to the protocol established by Cisar et al. (176) 
and Shen et al. (177) with modifications. Co-aggregation buffer was prepared by dissolving 0.1 
mmol/L calcium chloride, 0.1 mmol/L magnesium chloride, 0.15 mol/L sodium chloride and 
0.02% sodium azide in 250 mL 1 mmol/L tris buffer (pH adjusted to 8). Bacterial cultures were 
harvested (2000g for 10 min), washed twice in the co-aggregation buffer and re-suspended in the 
same buffer. Equal volumes (200 µL) of each of the bacterial suspensions were combined in 
sterile polystyrene tubes (Bibby sterilin, USA) and mixed for 10s on a vortex mixer. Tubes 
containing co-aggregation buffer alone and each bacterial test suspension alone served as 
negative controls. After mixing, the suspensions were scored within 10 minutes for co-
aggregation. Suspensions were then kept at room temperature for 1 h and 24 h, following which 
the suspension were mixed for 10 s on a vortex mixer, and immediately scored again. The assay 
was performed in duplicate. A scoring system as described previously (176), was applied to 
evaluate the degree of co-aggregation in the suspensions by viewing the tubes with the naked 
eye. The scoring ranged from “0” to “+4” as shown in Table 4.2.1 
 
 




No change in turbidity and no evidence of co-aggregates 0 
Turbid supernatant with finely dispersed co-aggregates with no immediate 
precipitation 
+1 
Definite co-aggregates easily seen but suspension remained 
turbid without immediate settling of co-aggregates 
+2 
Slightly turbid supernatant with formation of large precipitating co-aggregates +3 




Table 4.2.1: Co-aggregation scoring criteria (Reference: Cisar et al., 1979) (176) 
4.2.2 Crystal violet biofilm quantification assay 
The biofilm quantification assay was conducted based on a protocol by Mohamed et al. (162). 
Bacteria that had been grown overnight were diluted 1:100 in TSB medium and 200 µL of this 
cell suspension was dispensed into sterile flat-bottomed 96-well polystyrene microtiter plates 
(Thermofisher Scientific, Denmark). For negative controls, medium alone was dispensed into 
eight wells per tray. After stationary aerobic incubation at 37°C for 24 hours, broth was carefully 
aspirated; wells were washed three times with 200 µL PBS and air dried for 30 min at room 
temperature. The biofilms were then stained with 200 µL of 1% crystal violet for 30 min, washed 
again with PBS and the bound crystal violet solubilized in 200 µL of ethanol-acetone (80:20, 
vol/vol). Thereafter, the optical density of the resolubilized crystal violet was measured at 570 
nm (OD570) by using a microtiter plate reader (Bio-Tek ELx800, Winooski, VT). Each assay was 
performed in quadruplicate on three occasions for a total of 12 readings for each strain. Wells 
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containing uninoculated medium served as negative controls and to determine the background 
optical density. After subtraction of the mean background OD570 readings, the 12 optical density 
readings per strain were averaged to obtain the mean OD570 reading for each strain. 
4.2.3 LAD of bacteria in different growth modes  
(A) LAD on planktonic and co-aggregated suspension of bacteria 
The bacterial suspensions were taken in sterile 50 mL tubes. The cells were harvested (3000g for 
10 min), washed once and re-suspended in sterile PBS without calcium and magnesium chloride. 
Aliquots of bacterial suspensions (500 µL) were taken in sterile Eppendorf tubes and the cells 
were harvested (4600g for 4 min). The samples were divided into 3 sets of experimental groups. 
The first set consisted of suspensions of E. faecalis alone, the second consisted of suspensions of 
P. aeruginosa alone and the third set consisted of co-aggregated suspensions of E. faecalis and 
A. israelii. Each set had the following groups: Treatment group which received PS and light 
irradiation (+P +L), Control 1 which received only the PS but no light (+P –L) and Control 2 
which did not receive either PS or light irradiation (-P-L) and a Light alone control (-P +L). 
Accordingly, 500 µL of 100 µmol/L MB in water or PBS were added to the samples and 
incubated for 15 min in the dark at 37°C. The samples were centrifuged (4600g for 4 min), 
supernatant aspirated and the cell pellet irradiated at an energy dose ranging from 2 to 15 J/cm2. 
Following irradiation, 500 µL of sterile PBS was added and vortexed for 10 s to homogenize the 
samples. Treated and untreated samples were serially diluted 10-fold in PBS and streaked in 
triplicate on square BHI agar plates as previously described (167). Plates were incubated at 37°C 
overnight. Cell survival was expressed both in log10 number of CFU remaining after treatment 
and in percentage survival relative to the untreated control.  
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(B) LAD of bacterial biofilms 
Mono-species biofilms of E. faecalis and P. aeruginosa were produced in the wells of 24-well 
flat bottomed sterile polystyrene microplates using BHI medium as the nutrient source. The 
plates were incubated at 37°C in an orbital incubator (100 rpm) under aerobic conditions. The 
growth medium was refreshed after 48 hours. After the incubation period of 4 days, the growth 
medium was removed, the biofilm formed on the floor of the multiwell plate washed once with 
sterile PBS and then sensitized with 1 mL of 100 µmol/L MB in water for 15 min in the dark at 
37°C. Subsequently, the excess PS was removed using a micropipette leaving behind the biofilm 
bound MB. The experimental groups were the same as described earlier. Irradiation was carried 
out at an energy dose ranging from 2 to 40 J/cm2. After treatment, fresh BHI medium was added 
and the medium was flushed using a micropipette for mechanically disrupting the biofilm 
bacteria on the walls of the wells. Enrichment was done for 15 min at 37°C in the incubator. 
Treated and untreated samples were serially diluted 10-fold in PBS and streaked in triplicate on 
square BHI agar plates as previously described. Plates were incubated at 37°C overnight. Cell 
survival was expressed both in log10 number of CFU remaining after treatment and in percentage 
survival relative to the untreated control.  
4.2.4 Role of an EPI in potentiating inactivation of biofilms 
(A) Calcium hydroxide-mediated killing of biofilms using an EPI 
A saturated (100%) solution of calcium hydroxide was prepared by dissolving 0.16 gm calcium 
hydroxide powder in 100 mL DI water and left overnight (178). The saturated solution was 
centrifuged (3000g for 10 min), the supernatant removed and filtered using a Nalgene 0.2 µm 
filter Unit (Nalgene Nunc International Corporation, Rochester, USA) resulting in a stock 
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calcium hydroxide solution (pH 12.3). From this stock solution 25% (pH 11) and 50% (pH 11.5) 
solutions were made by appropriately diluting with sterile DI water. 0.1 mg/mL of verapamil 
(EPI) was added to each concentration and the solutions were stored at room temperature until 
further use.  
 Four-day old biofilms of E. faecalis ATCC 29212 were grown in 24 multi-well plates aerobically 
at 37°C in an orbital incubator (100 rpm). The growth medium was changed once after 48 hrs. 
After the incubation period, the growth medium was removed and the wells washed once in 
sterile DI water. Experiments were conducted in two ways – The first set of experiments 
included treatment of the biofilms per se and the second set involved disrupting the biofilms, 
harvesting the cells and treating them as a ‘biofilm-derived’ suspension. This was done to 
evaluate the difference in susceptibility to treatment of a three dimensional structure of an 
established biofilm to that of biofilm bacteria in suspension. Towards comparison, experiments 
on planktonic E. faecalis were also simultaneously conducted. 1 mL of 25%, 50% and 100% 
calcium hydroxide with and without the EPI was added to the treatment samples in all the 
experimental sets. The controls received sterile DI water. The samples were kept in the orbital 
incubator (100 rpm) at 37°C. At intervals of 3 hr, 12 hr and 24 hr, the samples were removed; (i) 
in case of biofilms per se; the medicament was aspirated, biofilms gently washed twice and 
biofilm bacteria disrupted by mechanical flushing in 1 mL DI water (ii) in case of the biofilm-
derived and planktonic suspensions, the cells were harvested (9000g for 1 min), washed twice 
and re-suspended in 1 mL DI water. Treated and untreated samples were serially diluted 10-fold 
in PBS and streaked in triplicate on square BHI agar plates as described. Plates were incubated at 
37°C overnight. The CFU/mL was enumerated in the treatment and untreated groups and the 
data were expressed as the log10 number of surviving bacteria.  
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(B) LAD of biofilms using an EPI 
LAD experiments were also conducted on biofilms per se, biofilm-derived and planktonic 
suspensions as described earlier. LAD was conducted as follows; (i) treatment groups were 
incubated with 100 µmol/L MB with and without the EPI in the dark at 37°C for 15 min. The 
excess PS was aspirated using a micropipette. (ii) Wells were irradiated with the non-coherent 
light source to deliver an energy dose range of 2 J/cm2 to 40 J/cm2. During irradiation, the tip of 
the optical fiber was placed at the level of the outer edge of the well. The controls included 
biofilms/biofilm-derived suspensions that received no treatment, treated only with PS or PS + 
EPI (dark toxicity) and light alone controls.  
After LAD treatment, the biofilms per se were gently washed and mechanically disrupted in 1 
mL of sterile PBS. The biofilm-derived and planktonic suspensions were washed twice, re-
suspended in 1 mL of sterile PBS and were vortexed for 10 s to homogenize the samples. Treated 
and untreated samples were serially diluted 10-fold in PBS and streaked in triplicate on BHI agar 
plates as previously described. The CFU/mL was enumerated in the treatment and untreated 
groups and the data were expressed as the log10 number of surviving bacteria.  
Statistical Analysis 
Each experiment was performed in triplicate. Statistical analysis was performed using SPSS 
(Version 9.0; SPSS Inc., Chicago, IL, USA). The data were analyzed by univariate analysis of 
variance (ANOVA) and Kruskal-Wallis test to check for statistical significance. Significance 
levels were set at P = 0.05. Mann-Whitney U with Bonferroni correction post hoc tests were 
performed to evaluate multiple comparisons.  
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4.3 Results 
4.3.1 Visual co-aggregation assay 
As observed from Figure 4.3.1, negative controls of co-aggregation buffer alone and each 
bacterial test suspension alone did not form aggregates (score “0”). However, when all three 
strains of E. faecalis was combined with A. israelii, immediate co-aggregation was observed 
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Figure 4.3.1: Co-aggregation scores of E. faecalis + A. israelii 
A. Coaggregation buffer  B. A. israelii  
E. E. faecalis (ATCC 29212)  
F. OG1RF + A. israelii G. FA2-2 + A. israelii H. ATCC 29212 + A. israelii 
C. E. faecalis (OG1RF) 
D. E. faecalis (FA2-2) 
 
 
    Controls: A- E 
    Co-aggregates: F -H 
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4.3.2 Crystal violet biofilm quantification assay 
The results from the biofilm quantification assay using crystal violet (Figure 4.3.3) showed that 
all three E. faecalis strains (ATCC 29212, OG1RF, FA2-2) and P. aeruginosa had the ability to 
form biofilm under the experimental conditions. However the biofilm forming potential varied 
among the three strains of E. faecalis. The strain ATCC 29212 formed the thickest biofilm 
followed by OG1RF which was approximately two-fold higher compared to FA2-2 (p<0.001). 
When compared to all three stains of E. faecalis, P. aeruginosa formed a significantly thicker 




Figure 4.3.3: Biofilm formation of E. faecalis and P. aeruginosa strains as quantified by the 
crystal violet assay. Data represent mean ±SD of twelve readings.  
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4.3.3 LAD of bacteria in different growth modes  
Figure 4.3.4, 4.3.5, 4.3.6 and 4.3.7 (A, B) shows surviving bacteria after LAD of E. faecalis 
(OG1RF, FA2-2, ATCC 29212) and P. aeruginosa respectively in different modes of growth. 
MB-mediated LAD produced a dose-dependent significant killing of all three strains of E. 
faecalis and P. aeruginosa (p<0.05). MB was found to be very effective in inactivating 
planktonic cells of E. faecalis with 100% killing seen at an energy dose of 2 J/cm2. P. aeruginosa 
on the other hand, required an energy dose of 15 J/cm2 to produce the same result. The PS alone 
was able to reduce the viability of suspensions of E. faecalis by 63.4% and P. aeruginosa by 
84%. In the case of biofilms, an energy dose of 40 J/cm2 completely eliminated E. faecalis 
biofilms and resulted in approx 99% killing of P. aeruginosa biofilms (p<0.001). The effect of 
PS alone and light irradiation alone was found to be insignificant. P. aeruginosa was thus found 
to be more resistant to LAD-mediated inactivation compared to all three strains of E. faecalis in 
both the planktonic and biofilm growth mode (p<0.05). The comparative LAD experiments on 
bacterial suspension and biofilms showed that the order of susceptibility to LAD was planktonic 
cells > co-aggregated suspension > biofilm in case of E. faecalis and planktonic > biofilm in case 
of P. aeruginosa.  







Figure 4.3.4: Surviving number of bacteria after MB-mediated LAD of E. faecalis  (OG1RF) in 
different modes of growth. (A) Log10 reduction of CFU (B) Percentage cell survival.  







Figure 4.3.5: Surviving number of bacteria after MB-mediated LAD of E. faecalis (FA2-2) in 
different modes of growth. (A) Log10 reduction of CFU (B) Percentage cell survival.  







Figure 4.3.6: Surviving number of bacteria after MB-mediated LAD of E. faecalis (ATCC 
29212) in different modes of growth. (A) Log10 reduction of CFU (B) Percentage cell survival.  







Figure 4.3.7: Surviving number of bacteria after MB-mediated LAD of P. aeruginosa in two 
modes of growth. (A) Log10 reduction of CFU (B) Percentage cell survival.  
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4.3.4 Role of an EPI in potentiating inactivation of biofilms 
(A) Calcium hydroxide-mediated killing of biofilms using an EPI 
Figure 4.3.8 and 4.3.9 shows surviving bacteria after exposure to different concentrations of 
calcium hydroxide of E. faecalis suspensions and biofilms respectively. The results showed that 
in general, the antibacterial efficacy of calcium hydroxide was proportional to its concentration. 
E. faecalis in planktonic and biofilm-derived suspensions were very susceptible to calcium 
hydroxide, with a > 4 log10 reduction in bacterial viability with the 25% solution and complete 
inactivation with the 50% and 100% solutions by 3 hrs (graph not shown). The effect of the EPI 
was significant with only 25% calcium hydroxide (p<0.001). With the biofilms per se, all three 
concentrations of calcium hydroxide produced a significant bacterial killing (p<0.05) although it 
was observed that even at an exposure time of 24 hrs to 100% calcium hydroxide, low numbers 
of bacteria still survived. The effect of the EPI was found to be significant with only the 25% 
calcium hydroxide solution (p<0.001).  









Figure 4.3.8: Surviving number of biofilm-derived cells of E. faecalis after exposure to 25% 
aqueous calcium hydroxide solution w/wo the EPI.  
 









Figure 4.3.9: (A, B, C) Surviving number of biofilm bacteria of E. faecalis after exposure to 
25%, 50% and 100% aqueous calcium hydroxide solutions w/wo an EPI respectively.  
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(B) LAD of biofilms using an EPI 
Figure 4.3.10 (A, B) shows surviving bacteria after LAD of E. faecalis biofilm-derived 
suspensions and biofilms respectively. MB-mediated LAD produced a dose-dependent 
significant killing of E. faecalis (p<0.05). LAD was found to be very effective in inactivating 
biofilm-derived bacteria with complete inactivation of both strains seen at an energy dose of 2 
J/cm2 and 10 J/cm2 respectively. The susceptibility of biofilm-derived bacteria to LAD was 
similar to that seen with planktonic bacteria. Addition of an EPI with MB significantly increased 
the killing of E. faecalis biofilm-derived suspensions and biofilms (p<0.001). Light alone and 
MB alone was not seen to have a significant effect on the bacterial viability. However, MB + EPI 
alone was able to produce approximately 3 log10 CFU/mL reduction in bacterial viability of the 











Figure 4.3.10: (A & B) Surviving number of biofilm-derived cells and biofilm of E. faecalis 
after MB-mediated LAD w/wo an EPI.  
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4.4 Discussion 
Bowden and Hamilton have reported that bacteria free in saliva (planktonic organisms) serve as 
the primary source for the organization of dental plaque (179). Interbacterial adhesive 
interactions, such as co-aggregation and co-adhesion on solid surfaces have been studied 
extensively over the years. In particular, Kolenbrander and his co-workers have made significant 
contributions in this area and described the importance of co-aggregation in the ecology of oral 
bacteria, pointing out its role in the sequential colonization of the tooth surface (172). Other 
studies in literature have also provided the evidence emphasizing the importance of co-
aggregation and co-adhesion interactions in biofilm formation (172, 177, 180). Kheemaleelakul 
et al. demonstrated co-aggregation of bacteria associated with endodontic infections (180). They 
suggested that the aggregation of microorganisms in biofilms is likely to have distinct clinical 
implications especially from a treatment point of view. Therefore an understanding of the 
susceptibilities of bacterial aggregates and biofilms in endodontic microbiology to LAD will aid 
in establishing an effective treatment protocol. 
The results from the experiments conducted in this chapter, showed that bacterial growth modes 
such as - planktonic, co-aggregated suspensions and biofilms, differentially affected the response 
of the tested bacterial species to LAD. Bacteria in co-aggregated suspensions and biofilm mode 
of growth were significantly resistant to LAD compared to their planktonic counterparts. It was 
observed that the tested strains of E. faecalis used in the experiments received positive co-
aggregation scores with AI based on the visual co-aggregation assay. Upon subjecting this co-
aggregated suspension to LAD, it was observed that the survival of E. faecalis was significantly 
enhanced when compared to E. faecalis alone in suspension. In the next set of experiments, LAD 
was conducted on bacterial strains with different biofilm forming capacities as indicated by the 
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crystal violet biofilm quantification assay. It was observed that the strains which formed thicker 
biofilms were more resistant to LAD-mediated inactivation. A study by Clewell et al. reported 
that the E. faecalis strain FA2-2 lacks an EPS matrix which is an inherent component of the 
biofilms and responsible for conferring virulence (164). To corroborate this, the results of the 
biofilm quantification assay showed that among the three tested stains of E. faecalis, FA2-2 had 
the lowest biofilm forming capacity. Consequently, this strain offered the least resistance to 
LAD-mediated inactivation. Overall it was seen that, with the tested strains of bacteria in 
different growth modes, a larger energy dose was required to eliminate bacteria in a co-
aggregated suspension and in biofilms. The biofilm mode of growth offered the greatest 
resistance to LAD in both E. faecalis and P. aeruginosa. Overall, gram-negative P. aeruginosa 
in suspension and biofilms was more resistant to LAD compared to gram-positive E. faecalis. 
This may be mainly attributed to the structural and compositional difference, in particular to the 
presence of the outer membrane in P. aeruginosa.  Similar observations have been made in 
previous studies (116).   
In the experiments pertaining to the evaluation of efflux pumps, it was observed that biofilm-
derived suspensions of E. faecalis were susceptible to inactivation by both calcium hydroxide 
and LAD even without the incorporation of an EPI. This susceptibility to inactivation by both 
modalities of treatment was similar to that seen with planktonic cells. In contrast, biofilms of E. 
faecalis were considerably resistant to calcium hydroxide with a small fraction of cells persisting 
even after a 24 hour exposure to saturated calcium hydroxide. LAD on the other hand resulted in 
complete inactivation of E. faecalis biofilms at and energy dose of 40 J/cm2. This difference in 
susceptibility to LAD between biofilm-derived suspensions and biofilms implies that the EPS 
confers a greater role in contributing to the antimicrobial resistance of biofilms when compared 
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to a possible phenotypical alteration of the biofilm cells itself. These results further indicated that 
MB-mediated LAD of E. feacalis biofilms resulted in greater bacterial inactivation than with the 
use of any tested concentration of aqueous calcium hydroxide for exposure times of up to 24 hrs. 
This is an important observation considering that calcium hydroxide is still widely used and is 
considered one of the most popular intracanal medicaments today. The use of EPI’s enhanced the 
killing of E. faecalis biofilms by MB-mediated LAD and with the use of lower concentrations of 
calcium hydroxide
.
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Chapter 5: Evaluating the efficacy of PS formulations in the MB-
mediated LAD of bacterial biofilms 
 
Abstract 
Experiments conducted in this chapter evaluated the efficacy of LAD using MB in different PS 
formulations on gram-positive E. faecalis and gram-negative P. aeruginosa biofilms. The 
difference in susceptibility of E. faecalis and P. aeruginosa biofilms to LAD with two MB-based 
PS formulations – water and a mixture of glycerol:ethanol:water (MIX) with and without an 
emulsion of oxygen carrier, oxidizer and a detergent as the irradiation medium was assessed by 
conventional culturing methods. CLSM was done to assess the structural damage to the biofilms 
following LAD with these PS formulations. The results showed that there was no statistically 
significant difference in the inactivation of biofilms of E. faecalis and P. aeruginosa by LAD with 
modified PS formulations. The order of effectiveness of the PS formulations in inactivating and 
disrupting E. faecalis and P. aeruginosa biofilms was of the order MIX + emulsion > MIX > 
water (p<0.001). The results of this chapter showed that the nature of the PS formulation used 
influenced the susceptibility of biofilms to LAD.  
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5.1 Introduction 
The enhanced antimicrobial resistance of biofilms has been attributed to the restricted 
penetration of antimicrobials into the biofilm, decreased growth rate and expression of biofilm-
specific drug-resistant or drug-tolerant physiologies including the presence of persister cells. 
(104). It has been suggested that although antimicrobial treatment of bacterial biofilms may lead 
to eradication of most of the susceptible population, a small fraction of persister cell variants 
could survive the assault and would be able to reconstitute the biofilm following discontinuation 
of the antimicrobial agent (181). Therefore, the use of an antimicrobial strategy that would 
promote biofilm removal by destroying the physical integrity of the biofilm matrix could be a 
sought after clinical alternative. Although many studies have demonstrated the efficacy of LAD 
in inactivating biofilms (36, 37, 38, 41, 42), Zanin et al. (182) reported that the major portion of 
LAD-mediated damage occurred in the superficial layers of the biofilms, leaving the innermost 
bacteria alive. This was thought to be mainly due to the inability of the PS to diffuse through the 
inner regions. Likewise, it has been reported that the presence of the EPS in the biofilm affects 
the PS penetration and thereby decreases the effect of the photosensitization process (170). Not 
many studies in endodontics have focused on maximizing the inactivation and disruption of 
bacterial biofilms. Tissue-specific factors necessitate the use of an ideal PS formulation and 
treatment strategy for root canal disinfection in order to completely eradicate biofilms. The use 
of modified PS formulations with improved photochemical and photobiological properties can 
aid in producing superior bacterial inactivation along with physical disruption of the biofilm 
structure. (37, 125).  
Previous studies have shown that gram-positive bacteria are generally more susceptible to LAD 
compared to gram-negative species (37, 116). This difference in susceptibility is explained by 
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the structural differences in their cell walls. Gram-negative cells have a complex outer barrier 
structure including two lipid bilayers while gram-positive cells have only one lipid bilayer and a 
relatively permeable outer coat. In order to overcome the difficulty in inactivating gram-negative 
bacteria by LAD, studies used PS with a positive charge that enabled it to bind to and in some 
cases penetrate the microbial permeability barrier (37, 78, 116). In this chapter, a representative 
species from gram-positive (E. faecalis) and gram-negative (P. aeruginosa) class of bacteria 
were selected. Both these species of bacteria have been associated with root canal infection and 
both possess the capacity to form in vitro biofilms (as was shown earlier in Chapter 4).  
The experiments conducted in this chapter are based on the hypothesis that mono-species 
biofilms formed by gram-positive E. faecalis may be more susceptible to LAD-mediated 
inactivation when compared to that of gram-negative P. aeruginosa. Further, it tests the 
hypothesis that use of modified PS formulations with improved photophysical, photochemical 
and photobiological properties for LAD may significantly enhance the inactivation and 
disruption of both E. faecalis and P. aeruginosa biofilms.  
The objective of the experiments conducted in this chapter was to compare the biofilm 
susceptibility to MB-mediated LAD of a gram-positive and gram-negative species of bacteria. 
Further, the efficacy of MB-mediated LAD using different PS formulations to maximize 
inactivation and cause disruption of gram-positive and gram-negative bacterial biofilms was 
evaluated. Bacterial quantification following treatment was assessed by conventional culturing 
methods and CLSM was done to assess the structural damage to the biofilms.  
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5.2 Experiments 
Bacterial strains and culture conditions: The bacterial species used in the experiments were: 
Enterococcus faecalis ATCC 29212 and Pseudomonas aeruginosa ATCC 19660. Both strains 
were grown as described earlier (Chapter 4; Page 75).  
Photosensitizers, chemicals and light sources: MB dissolved in de-ionized (DI) water or in a 
mixture of glycerol:ethanol:water (MIX) in the ratio 30:20:50 was used as the PS. MB in an 
emulsion produced by mixing an oxygen carrier - perfluorodecahydronaphthalene (Sigma-
Aldrich Inc, St Louis, USA), an oxidizer - hydrogen peroxide (H2O2) (Cica Reagents, Japan) and 
a detergent - triton-X100 (Bio-Rad Laboratories, Hercules, USA) in the ratio 75:24.5:0.5 was 
used as the irradiation medium. The MB formulations and the ratios used in the experiments 
were based on previous protocols by George and Kishen (37, 125). The PS solutions and 
irradiation medium were stored at 4°C in the dark until further use. The light source and 
experimental set-up used were the same as described previously (Chapter 3; Figure 3.2.1; Page 
56-57). Thirty-nm band pass filters at ranges 660 ±15 nm for MB were used. The total power 
output obtained from the fiber optic bundle probe was 0.106 W at 660 nm wavelength.  
5.2.1 LAD of bacterial biofilms using modified PS formulations 
Two-week old biofilms of E. faecalis and P. aeruginosa were taken, the growth medium 
aspirated, washed once and divided into 4 groups. The biofilms were subjected to LAD with a 
light energy dose range of 2 - 40 J/cm2 
1. Control group: The biofilms were incubated with sterile PBS for 15 min in the dark at 
37°C. 
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2. Conventional LAD: The biofilms were incubated with 100 µmol/L MB in water for 15 
min in the dark at 37°C and subsequently subjected to irradiation.  
3. LAD with MB in MIX: The biofilms were incubated with 100 µmol/L MB in MIX for 15 
min in the dark at 37°C and subsequently subjected to irradiation.  
4. LAD with MB in MIX + emulsion: The biofilms were incubated with 100 µmol/L MB in 
MIX for 15 min in the dark at 37°C. During irradiation, 100 µL of an MB-based emulsion 
was added.  
After the specified treatment, enrichment of the biofilm bacteria in BHI medium was done. Serial 
dilutions and streaking of aliquots on BHI agar plates were carried out as previously described to 
enumerate the surviving bacteria.  
Statistical Analysis 
Each experiment was performed in triplicate. Statistical tests were performed using SPSS 
(Version 9.0; SPSS Inc., Chicago, IL, USA). Data were analyzed statistically using Kruskal–
Wallis one-way analysis of variance and Mann–Whitney U-tests. The level of statistical 
significance was set at P = 0.05 
5.2.2 CLSM to assess LAD-mediated structural damage to biofilm 
The structural damage to the biofilm caused by LAD using MB in the different formulations was 
assessed on two-week old E. faecalis and P. aeruginosa mono-species biofilms grown on a glass 
coverslip that was fixed covering a groove (6-mm diameter) at the bottom of a petri dish. The 
bacterial suspension (100 µL containing ≈ 108 cells/mL) prepared from an overnight stationary 
phase culture was inoculated into the petri dish. After two weeks of incubation with growth 
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medium replaced on alternate days, the biofilms were washed and sensitized with 100 µmol/L 
MB in water or MIX for 15 min in the dark at 37°C. The excess PS formulation was removed 
and the biofilms were exposed to irradiation at an energy dose of 40 J/cm2. For the MIX + 
emulsion group, following sensitization with MIX, 100 µL of emulsion was added during 
irradiation. Following irradiation, the specimens were gently rinsed once in sterile PBS. The 
LIVE/DEAD BacLight Viability kit L-7007 (Molecular Probes, Eugene, OR, USA) contains 
separate vials of two fluorescent nucleic acid stains (SYTO 9 and propidium iodide). The stains 
were used in 1:1 mixture for staining the biofilm bacteria following manufacturer’s instructions. 
CLSM images of the biofilms were obtained using a Kr/Ar laser (488 nm excitation wavelength) 
fitted with a long-pass 514-nm emission filter. Eight randomly chosen areas from each of the 
three samples per group were imaged using 60 x water-immersion lenses. The optical sections of 
the biofilm structure were recorded and analyzed by using IMARIS 6.3 software (Bitplane 
Scientific, Zurich, Switzerland). The three-dimensional images and cross sections through the 
biofilm were generated by the software. Measurement of the biofilm thickness and distribution of 
live (green) and dead (red) cells were assessed by the frame and new spots option respectively of 
the IMARIS software package. 
5.3 Results 
5.3.1 LAD of bacterial biofilms using modified PS formulations 
The results of the LAD treatment regimens with different MB formulations are represented in 
Figure 5.3.1 & 5.3.2 (A, B). Overall there was no statistically significant difference between the 
susceptibility of P. aeruginosa and E. faecalis biofilms to LAD. Among the PS formulations 
tested, the water-based formulation was the least effective while the MIX and emulsion-based 
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combination treatment was the most effective in inactivating both bacterial species (p<0.001). 
However, it was also observed that the dark toxicity of the MB-based MIX formulation was 
higher than that of the water-based formulation with 79% and 81% loss of viability of E. faecalis 
and P. aeruginosa respectively. The effect of light alone on bacterial viability was insignificant. 







Figure 5.3.1: Surviving number of bacteria after MB-mediated LAD of E. faecalis biofilms 
using modified PS formulations (A) Log10 reduction of CFU (B) Percentage cell survival. 







Figure 5.3.2: Surviving number of bacteria after MB-mediated LAD of P. aeruginosa biofilms 
using modified PS formulations (A) Log10 reduction of CFU (B) Percentage cell survival.  
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5.3.2 CLSM to assess LAD-mediated structural damage to biofilm  
Figure 5.3.3 and 5.3.4 reveal the untreated (control) and treated multilayered biofilm structure 
formed by E. faecalis and P. aerugonisa respectively on the petri dishes. There were both viable 
and dead cells distributed within the biofilm structure. The average thickness of the untreated 
(control) biofilm was 40 ± 16 µm in E. faecalis and 50 ± 16 µm in P. aeruginosa as shown in 
Figure 5.3.3 and 5.3.4 (a). The average thickness (µm) of the untreated and treated biofilms of E. 
faecalis and P. aeruginosa are summarized in Table 5.3.1. The PS alone and light irradiation 
alone could bring about slight reduction in the bacterial viability but did not significantly affect 
the biofilm structure. Figure 5.3.3 and 5.3.4 (b) shows the biofilms subjected to LAD with MB in 
water which resulted in the partial disruption of the biofilm structure (p<0.05) along with a 
considerable reduction in the number of viable cells. Figure 5.3.3 and 5.3.4 (c, d) shows biofilms 
subjected to LAD with MB in MIX and MB in a MIX + emulsion combination respectively 
which resulted in an even higher, substantial destruction of the biofilm structure (p<0.001) along 
with increased killing of resident bacterial cells.  The formulation that was most effective in 
disrupting the biofilm structure in both bacterial species was the MB-based MIX and emulsion 
combination (p<0.001). The use of this combination also resulted in the maximum increase in 
dead cells indicated by the predominance of red fluorescence. Comparing the two bacterial 
species, the damage to the biofilm structure with LAD was more apparent in case of E. faecalis 










Figure 5.3.3: The three-dimensional CLSM reconstruction of E. faecalis biofilm subjected to 
LAD (inset shows sagittal section) (60 X). (a) the biofilm receiving no treatment (b) the biofilm 
subjected to sensitization with MB in water followed by irradiation (c) the biofilm subjected to 
sensitization with MB in MIX followed by irradiation (d) the biofilm subjected to sensitization 
with MB in MIX, followed by irradiation using an MB-based emulsion as the irradiation 
medium.  
 





Figure 5.3.4: The three-dimensional CLSM reconstruction of P. aeruginosa biofilm subjected to 
LAD (inset shows sagittal section) (60 X). (a) the biofilm receiving no treatment (b) the biofilm 
subjected to sensitization with MB in water followed by irradiation (c) the biofilm subjected to 
sensitization with MB in MIX followed by irradiation (d) the biofilm subjected to sensitization 
with MB in MIX, followed by irradiation using an MB-based emulsion as the irradiation 
medium.  








MB in water MB in MIX MB in MIX + 
emulsion 
E. faecalis 41.4 ± 16.8 40.3 ± 17.7 PS alone  
41.7 ± 6.8   
PS + Light 
16.6 ± 3.0 
PS alone  
35.5 ± 9.3  
PS + Light 
16.3 ± 4.5 
PS alone        
19 ± 6           
PS + Light      
7.6 ± 3.7 
P. aeruginosa 50 ± 16.4 54 ± 23.8 PS alone  
44.8 ± 15.5 
PS + Light 
42.6 ± 15.5 
PS alone     
32 ± 12.1     
PS + Light  
26 ± 13.0 
PS alone     
23.1 ± 12.6   
PS + Light     
13.2 ± 6.5 
  
Table 5.3.1: Characterization of structural damage of E. faecalis and P. aeruginosa biofilms by 
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5.4 Discussion 
The results of the experiments conducted in this chapter showed that the order of effectiveness of 
the different PS formulations in eradicating E. faecalis and P. aeruginosa biofilms was of the 
order: MIX + emulsion > MIX > water. With the water-based MB formulation, it was observed 
that a smaller percentage of E. faecalis biofilm bacteria survived LAD when compared to P. 
aeruginosa biofilms at the highest tested energy dose of 40 J/cm2. However with the use of the 
modified MB formulations this difference in susceptibility between the two bacterial species was 
much less apparent and the MIX and emulsion-based formulation was effective in completely 
disinfecting both E. faecalis and P. aeruginosa biofilms at an energy fluence of 2 J/cm2. Thus, 
there was no statistically significant difference in the biofilm susceptibility of both bacterial 
species to LAD with the modified formulations.  
The ineffectiveness of the water-based MB formulation compared to the MIX-based formulation 
may be due to the formation of dimers which indicates an increased aggregation of PS molecules 
(these results were shown earlier in Chapter 3). In addition, Junqueira et al. (183) showed that 
MB aggregation can lead to the production of radical formation instead of singlet oxygen. Thus 
the relatively high proportion of aggregated MB in water may favor formation of radicals instead 
of singlet oxygen. With regard to MIX, a previous study has shown that the formulation based on 
MIX showed a tendency to prevent PS aggregation based on the monomer to dimer ratio (37). 
The MIX formulation was also reported to have increased photo-oxidation potential and singlet 
oxygen generation due to the longer half-life of singlet oxygen in ethanol compared to water 
(37). Additional support for the enhanced inactivation of bacteria with MIX, is that the degree of 
damage to the bacterial cell (mainly on the cell wall and DNA) was reportedly much higher with 
a MIX-based formulation when compared to a water-based one (71). Wirtanen et al. showed that 
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alcohol could weakly permeabilize P. aeruginosa whereas a hydrogen peroxide containing 
oxidizing disinfectant could effectively permeabilize the cell envelope (184). This study 
concluded that a peroxide-based disinfectant was the most effective disinfectant against 
Pseudomonas biofilms. The effect of hydrogen peroxide is based on the production of free 
radicals which was reported by Christensen to affect the polysaccharides and glycoproteins in the 
biofilm (185). He also demonstrated that hydrogen peroxide was effective in removing biofilms 
from surfaces. The above reasons could explain the increased anti-biofilm efficacy of the 
modified PS formulations when used in LAD and also the reason for the effective inactivation of 
P. aeruginosa biofilms to a level that there was no difference in susceptibility with E. faecalis.   
The CLSM analysis showed that LAD with MB in a water-based formulation produced 
inactivation of the resident biofilm bacteria and a partial reduction in the thickness of the biofilm 
structure. In comparison, LAD with MB in a MIX-based formulation caused a further additional 
inactivation of the biofilm bacteria along with significant disruption of the biofilm structure. The 
use of a MIX + emulsion combination formulation resulted in the maximum inactivation of the 
resident bacteria indicated by the predominance of red fluorescence and severe breakdown of the 
biofilm structure. This significantly enhanced bactericidal action could be attributed to the 
oxygen carrier ensuring adequate concentration of oxygen along with the action of the oxidizer 
to degrade the biofilm matrix and facilitate better penetration of the PS into the biofilm.  
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Chapter 6: Evaluating the antimicrobial potential of LAD in a bio-
molecular in vitro biofilm model 
 
Abstract  
The experiments in this chapter evaluated the efficacy of LAD using MB in different formulations 
in an in vitro bio-molecular biofilm model. Two-week old biofilms of E. faecalis were grown on 
polystyrene tips coated with a collagen substrate. LAD with MB in either water or MIX with and 
without an irradiation medium (oxygen carrier) or an MB-based emulsion of oxygen carrier, 
oxidizer and detergent was tested using a diode laser at a light energy dose range of 40 J/cm2 at 
the coronal end of the tip. The experiments were conducted again after increasing the light 
energy dose to achieve 40 J/cm2 at the apical end. The antimicrobial activity was assessed by 
CFU remaining after treatment and structural damage to the biofilm was assessed by CLSM. 
LAD with MB in water and MB in MIX followed by an irradiation medium consisting of the 
oxygen carrier alone significantly reduced the bacterial load and disrupted the biofilm structure 
(p<0.001). Increasing the light energy dose significantly increased the bacterial reduction 
(p<0.05). LAD with MB in MIX followed by an irradiation medium of an MB-based emulsion 
resulted in complete elimination of the bacterial load and a marked disruption of the biofilm 
structure (p< 0.001).  
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6.1 Introduction 
It is well established that the complete eradication of bacteria from root canals is impossible and 
current endodontic techniques do not always consistently disinfect the root canal system to 
reduce the bacterial burden to the lowest possible level to ensure successful outcome of treatment 
(19). Accepted treatment procedures to eliminate the infection include root canal debridement 
and mechanical shaping, irrigation with disinfectant agents such as sodium hypochlorite, the 
application of an inter-appointment dressing containing an antimicrobial agent such as calcium 
hydroxide followed by sealing of the root canal. One of the principal roles of root canal 
disinfection is to assist in the killing of bacteria and the removal of the bacterial biofilm from 
uninstrumented surfaces which reportedly accounts for 30-50% of the root canal wall (186).  
It has been established that one of the main difficulties faced in eliminating bacteria growth in 
root canals is the fact that they grow as biofilms (19). The results of the previous chapters 
revealed that biofilms were significantly resistant to LAD-mediated inactivation when compared 
to the same in planktonic and co-aggregated suspensions. So far, the in vitro studies testing the 
efficacy of LAD on biofilms have used polystyrene plates (37), perspex (85) or dentin samples 
(38) as a substrate to grow biofilms. There is evidence to show that the chemical nature of the 
substrate influences the biofilm forming capacity and structural organization of the biofilm 
(187). Therefore, biofilm experiments conducted on polystyrene or glass substrate may not 
provide a true indication of the bacteria-substrate interaction. Type I collagen is the major 
organic component (90%) of dentin, although several other non-collagenous proteins are also 
present in small amounts. It is known that certain bacteria such as E. faecalis can adhere to type I 
collagen in dentin (11). It has been suggested that this E. faecalis adherence can contribute to 
subsequent bacterial biofilm growth as well as eventual invasion and spread of infection (188).  
Chapter 6: LAD in bio-molecular biofilm model 
117 
Several attempts have been made over the years to enhance the antibacterial efficacy of LAD. 
Previous studies have reported modified PS formulations with improved photochemical and 
photobiological properties and have shown that the nature of the PS formulation used for LAD 
influences its bactericidal potential (37, 71). George and Kishen reported the advantages of an 
advanced noninvasive LAD (ANILAD) strategy for the eradication of endodontic biofilm (37). 
In the first step of this dual-staged approach, sensitization was performed by using a PS 
dissolved in a formulation that enhanced not only the photochemical properties of PS but also 
allowed better diffusion of a PS into the anatomic complexities of the root canal system. In the 
second step, an oxygen-carrier solution was applied to enhance the oxygen availability and to 
facilitate light propagation during the irradiation phase. Although ANILAD performed better 
than conventional LAD, it was found that the bactericidal effect was significantly less in matured 
biofilm models (43). In order to overcome this problem, a PS formulation containing an 
emulsion of oxidizer and oxygen carrier stabilized in a detergent for the disinfection of 
endodontic biofilm was evaluated (125). The results of the experiments conducted in the 
previous chapter demonstrated that the use of MB in a MIX-based formulation for sensitization 
followed by irradiation in the presence of an MB containing emulsion of an oxygen carrier, 
oxidizer and detergent could completely disinfect and significantly disrupt in vitro E. faecalis 
biofilms formed on polystyrene plates.  
The experiments conducted in this chapter are based on the hypothesis that use of MB-based 
formulations such as MIX and an emulsion for LAD could significantly inactivate and disrupt E. 
faecalis biofilms in a bio-molecular in vitro biofilm model. Further it tests the hypothesis that 
increasing the light energy dose for LAD may significantly increase the bacterial reduction.  
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The objective of the experiments in this chapter was to develop a biofilm model that somewhat 
mimicked an in vivo biofilm and to determine its susceptibility to LAD by conventional culturing 
methods and three-dimensional quantitative analysis. Conventional LAD was tested against a 
combination of a modified PS formulation together with two different irradiation media to bring 
together the most effective combination for the inactivation and disruption of two-week old E. 
faecalis biofilms in an in vitro bio-molecular biofilm model. The effect of increasing the light 
energy dose on the LAD of E. faecalis biofilms with all the tested combinations of PS 
formulations was also evaluated.  
6.2 Experiments 
Bacterial strains and culture conditions: The bacterial species used in these experiments was 
Enterococcus faecalis ATCC 29212. The bacterial strain was grown as previously described 
(Chapter 3; Page 55).  
Photosensitizers, chemicals and light sources: MB dissolved in de-ionized (DI) water or in MIX 
was used as the PS. MB in an emulsion was used as the irradiation medium. These PS solutions 
were prepared and stored as previously described (Chapter 5; Page 102).  
A diode laser of wavelength 664 nm with output energy of 26 mW was used as the light source. 
The wavelength of light corresponded with the excitation wavelength of MB. The laser light was 
delivered using an optical fiber of 400 µm outer diameter (LDCU/6130, Power Technology Inc, 
Little Rock, Arkansas, USA). Power measurements were quantified with a power meter 
(Newport; 1935-C, USA).  Figure 6.2.1 (A, B) illustrates the procedure of LAD being carried out 
in an in vitro biofilm model.  
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                      (A)                           (B) 
Figure 6.2.1: (A) Schematic representation of the tip specimen subjected to LAD with MB  
                       (B) Experimental set-up demonstrating LAD in progress in an in vitro biofilm 
model  
Specimen preparation: One hundred polypropylene pipette tips (Greiner bio-one Ultratip, 
Kremsmünster, Austria) were standardized to a length of 10 mm. A sharp Bard Parker blade (no 
15) was used to prepare three notches exactly 3 mm apart on the outer surface of the tip 
specimens representing the coronal, middle and apical thirds. The specimens were then 
autoclaved and dried in a hot air oven overnight. Subsequently, the inner surface of the tip 
specimens was coated twice with 20 µL 0.5% poly-L-lysine followed by 0.5% Type 1 rat tail 
collagen using a sterile microbrush and air dried under aseptic conditions. In order to confirm 
uniform coating of this bio-molecular film, three tip specimens were split longitudinally, stained 
and observed under the light microscope.   
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6.2.1 LAD of E. faecalis biofilms  
 The tip specimens were completely immersed in 500 µL of sterile BHI medium taken in 
Eppendorf tubes and inoculated with 10 µL (≈ 108 cells/mL) of  E. faecalis (ATCC 29212) 
culture for two weeks under aeration in an orbital incubator (100 rpm) at 37°C to allow biofilms 
to develop. Three tip specimens were left uninfected (sterile BHI broth, negative control). For 
the test specimens, the growth medium was changed every day and care was taken to ensure that 
the medium was flushed throughout the entire length of the tip specimens with no formation of 
air bubbles. After incubation, the residual medium within the tip specimens was removed, the 
specimens washed twice in sterile PBS without calcium and magnesium chloride and dried with 
sterile paper points. The outer surfaces of the specimens were carefully swabbed with a cotton 
applicator dipped in 70% ethanol to remove the adherent bacteria. The apical end of the 
specimens was carefully sealed with sticky wax which would eventually act a stopper during the 
introduction of PS/irradiation medium within the specimens.  The specimens were positioned 
with the coronal end facing superiorly by embedding them in 2% agar in the wells of 96 
multiwell plates. The tip specimens were randomly divided into 4 equal groups and treated as 
follows: 
1. Control group: tip specimens were filled with sterile PBS and were not subject to irradiation. 
2. Conventional LAD group: tip specimens were filled with 100 µmol/L MB in water, sensitized 
in the dark for 15 min and then irradiated with a 664-nm diode laser coupled to an optical fiber. 
The optical fiber terminus placed at the coronal end in contact with the PS solution to deliver a 
total energy of 40 J/cm2 (time of irradiation 25 min).  
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3. LAD with MB in MIX group: tip specimens were filled with 100 µmol/L MB in MIX and 
sensitized in the dark for 15 min. After the sensitization period, the PS was replaced with 
irradiation medium (perfluorodecahydronaphthalene alone) and the tip specimens were irradiated 
as described earlier. 
4. LAD with MB in MIX + emulsion group: tip specimens were filled with 100 µmol/L MB in 
MIX and sensitized in the dark for 15 min. After the sensitization period, the PS was replaced 
with an MB-containing emulsion and the tip specimens were irradiated as described earlier.  
After the specified treatment, the liquid within the tip specimens was aspirated with sterile paper 
points, the apical 1 mm containing the wax plug was removed and the specimens were sectioned 
along the prepared notches into apical, middle and coronal 1/3rd segments. The segments were 
added to fresh BHI medium, sonicated for 15 min at 37 kHz (Elmasonic, Germany) to disrupt the 
biofilm bacteria and vortexed for 10 s to homogenize the samples. The samples were then 
incubated at 37°C for 15 min to enrich the number of bacteria. Treated and untreated samples 
were serially diluted 10-fold in PBS and streaked in triplicate on square BHI agar plates as 
previously described. Plates were incubated at 37°C overnight and the CFU/mL were 
enumerated. 
The experiment was performed a second time as described by increasing the energy dose applied 
at the coronal end of the tip specimens such that the energy at the apical end was 40 J/cm2 (time 
of irradiation 35 min). This was after taking into account the loss of light energy that took place 
after conducting through the liquid (PS/irradiation medium) within the tip specimens as 
determined by preliminary experiments.  
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Statistical Analysis 
All experiments were conducted on two separate occasions with five samples per group (total 
n=10). Statistical analysis was performed using SPSS (Version 9.0; SPSS Inc., Chicago, IL, 
USA). The data were log transformed and analyzed by univariate analysis of variance (ANOVA) 
to check for statistical significance. Significance levels were set at P = 0.05. To adjust for 
multiple comparisons, Bonferroni test was used. 
6.2.2 CLSM to assess LAD-mediated structural damage to the biofilm  
Following irradiation at 40 J/cm2 at the coronal end of the tip sections, the specimens were 
gently rinsed once in saline and sectioned into apical and coronal 3 mm cross-sections. The 
LIVE/DEAD BacLight Bacterial Viability kit L-7007 (Molecular Probes, Eugene, OR) contains 
separate vials of two fluorescent nucleic acid stains (SYTO 9 and propidium iodide). The stains 
were used in 1:1 mixture for staining the biofilm bacteria following manufacturer’s instructions. 
CLSM images of the biofilms were obtained using a Kr/Ar laser (488 nm excitation wavelength) 
fitted with a long-pass 514-nm emission filter. Eight randomly chosen areas from each of the 
three samples per group were imaged using 60 x water-immersion lenses. The optical sections of 
the biofilm structure were recorded and analyzed by using IMARIS 6.3 software (Bitplane 
Scientific, Zurich, Switzerland). The three-dimensional images and cross sections through the 
biofilm were generated by the software. Measurement of the biofilm thickness and distribution of 
live (green) and dead (red) cells were assessed by the frame and new spots option respectively of 
the IMARIS software package. 
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6.3 Results 
6.3.1 LAD of E. faecalis biofilms  
The negative controls yielded no cultivable cells, ruling out contamination of the samples. All 
three LAD treatment regimens resulted in significant bacterial killing (p<0.001) (Figure 6.3.1, 
6.3.2 and 6.3.3). In Group 2, LAD with MB in water at an energy dose of 40 J/cm2 at the coronal 
end resulted in 0.7, 1 and 1.7 log10 reductions in CFU/mL in the apical, middle and coronal tip 
segments respectively relative to the controls [Figure 6.3.1 (A)]. Increasing the energy dose at 
the coronal end to achieve 40 J/cm2 at the apical end significantly increased the LAD-mediated 
bacterial killing (p<0.001) [Figure 6.3.1 (B)]. In Group 3, LAD with MB in MIX for 
sensitization followed by perfluorodecahydronaphthalene during irradiation resulted in 1.9, 2.3 
and 2.5 log10 reductions in CFU/mL in the apical, middle and coronal tip segments respectively 
relative to the controls [Figure 6.3.2 (A)]. As in Group 2, increasing the energy dose to achieve 
40 J/cm2 at the apical end resulted in a statistically significant increase in bacterial killing [Figure 
6.3.2 (B)]. In Group 4, LAD with MB in MIX for sensitization followed by a MB-based 
emulsion during irradiation at 40 J/cm2 at the coronal end, completely eradicated bacterial counts 
in all three tip segments and increasing the energy dose was not found to be necessary (Figure 
6.3.3). Among the three MB-mediated LAD treatment regimens, the order of efficacy in 
eradicating in vitro two-week E. faecalis biofilms were MIX + emulsion (Group 4) >  MIX + 
PFC (Group 3)  > water (Group 2). The results of the experiments also showed that there was a 
statistically significant difference between the LAD-mediated bacterial reduction in the (i) apical 
and coronal and (ii) middle and coronal segments (p<0.001). However there were no statistically 
significant differences between the apical and middle segments.  







Figure 6.3.1: Surviving E. faecalis after LAD with MB in water (A) at energy dose 40 J/cm2 (B) 
after increasing the energy dose among the apical, middle and coronal thirds of the specimens in 
each group.  







Figure 6.3.2: Surviving E. faecalis after LAD with MB in MIX for sensitization and oxygen 
carrier for irradiation (A) at energy dose 40 J/cm2 (B) after increasing the energy dose among the 
apical, middle and coronal thirds of the specimens in each group.  





Figure 6.3.3: Surviving E. faecalis after LAD with MB in MIX for sensitization and a MB-based 
emulsion for irradiation at energy dose 40 J/cm2 among the apical, middle and coronal thirds of 
the specimens in each group (* indicates no cultivable bacteria).   
 
6.3.2 CLSM to assess LAD-mediated structural damage to the biofilm  
CLSM analysis of biofilms before and after LAD treatment with different MB formulations is 
shown in Figure 6.3.4. Figure 6.3.4 (A & B) shows the biofilm in the apical and coronal 
segments respectively that was subjected neither to sensitization nor light irradiation. This 
biofilm was continuous without marked variation in the thickness (apical - 40µm, coronal - 20 
µm). Biofilm subjected to LAD using MB dissolved in water (Group 2) substantially increased 
the proportion of dead cells in both the apical and coronal segments as shown in Figure 6.3.4 (C 
& D) and the biofilm thickness was significantly lower than the control (< 10 µm). Biofilms 
exposed to LAD using MB in MIX followed by perfluorodecahydronaphthalene as an irradiation 
medium (Group 3) is shown in Figure 6.3.4 (E & F). The predominance of red color indicated 
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that a large proportion of the bacteria in the biofilm were killed under this condition along with a 
reduction in biofilm thickness. LAD with MB in MIX followed by an MB-based emulsion 
during irradiation (Group 4) caused the most significant reduction in bacterial viability combined 
with a marked disruption of the biofilm structure (< 4 µm) in both the apical and coronal 
segments [Figure 6.3.4 (G & H)]. 
 
 
Figure 6.3.4: The three-dimensional CLSM reconstruction of E. faecalis biofilm subjected to 
LAD (inset shows the sagittal section). (A) The biofilm in the apical segment receiving no 
treatment, (B) the biofilm in the coronal segment receiving no treatment, (C) the biofilm in the 
apical segment subjected LAD with MB in water, (D) the biofilm in the coronal segment 
subjected LAD with MB in water, (E) the biofilm in the apical segment subjected to LAD with 
MB in MIX and irradiation medium,  (F) the biofilm in the coronal segment subjected to LAD 
with MB in MIX and irradiation medium, (G) the biofilm in the apical segment subjected to 
LAD with MB in MIX and MB-based emulsion (H) the biofilm in the coronal segment subjected 
to LAD with MB in MIX and MB-based emulsion. 
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6.4 Discussion 
The experiments in this chapter evaluated the efficacy of LAD using MB in different 
formulations in an in vitro bio-molecular biofilm model. The use of this model system is justified 
on the basis of reducing the heterogeneity present thereby providing a standard means of 
comparison, facilitating quantitative sampling. The length and tapering anatomy of the 
polypropylene tip sections used as a substrate for the biofilms in the experiment were thought to 
roughly simulate the gross anatomy of a root canal. The highly hydrophobic nature of a 
polypropylene surface compared to that of a polystyrene one was overcome by coating with 
poly-L-Lysine. The inner surface of the tip specimens were then coated with collagen. Previous 
studies have shown the ability of E. faecalis to adhere to collagen (11). Therefore, this bio-
molecular film was thought to act as a substrate on which the mono-species E. faecalis biofilm 
could form uniformly throughout the entire length of the specimen. Chemically, this model 
incorporates one of the major organic components of dentin but on the other hand, it does not 
simulate the dentin micro-anatomy. However, the standard shape of the tips and uniform surface 
treatment made it possible to grow biofilms consistently which has proven difficult when using 
dentin as the biofilm substrate. The disadvantage of the model used in this chapter was that the 
mono-species biofilm used is not representative of the polymicrobial infection encountered in the 
root canal (171). It merely served as an efficient method of testing variables related to LAD with 
modified PS formulations.  
In this experiment, bacterial quantification was done by conventional culturing methods 
following disruption of the biofilms by ultrasonication. One of the main problems in any study 
dealing with bacterial attachment is the accurate quantification of the number of bacteria on a 
surface. Removal of cells from the surface by physical forces (e.g. vortexing or scraping) may 
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result in loss of cell viability or incomplete detachment, leading to an underestimation of the 
numbers present.  Qian et al. (189) found that 67 kHz ultrasound did not affect bacterial 
viability. In this experiment, the biofilms were sonicated at a much lower frequency (37 kHz) to 
disrupt the biofilm bacteria for quantification.  
The results of the experiments showed that the order of effectiveness of the different PS 
formulations in eradicating E. faecalis and biofilms was of the order MIX + emulsion > MIX + 
PFC > water. These results were consistent with the results seen in Chapter 5. The experiments 
conducted in this chapter showed that LAD has in vitro bactericidal action on E. faecalis 
biofilms, presenting complete elimination when illuminated by a diode laser at 40 J/cm2 and with 
MB in a MIX formulation followed by an emulsion during irradiation. The effect of increasing 
the energy dose for LAD was found to be significant in the water and MIX + PFC groups. 
Although it was interesting to note that even after substantially increasing the energy dose, there 
was still approximately 3 – 4 log10 CFU/mL of E. faecalis persisting in both groups. The major 
reason for the persistence of biofilm bacteria in these experiments when compared to the 
experiments conducted in Chapter 4 can be attributed to the difference in the level of maturity of 
biofilms tested. The two-week old biofilms tested in these experiments could offer significant 
structural and physic-chemical modifications compared to the four day biofilms tested previously 
which would in turn affect the LAD susceptibility.  
An irradition time of 25 min used in this experiment to achieve an energy fluence of 40 J/cm2 is 
not practical in a clinical situation. Increasing the power of the light source will substantially 
reduce the irradiation time required for LAD since fluence is the product of the irradiation time 
and laser power divided by the area of irradiation. Further in vivo studies need to be performed to 
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test the combination of these PS formulations in the LAD-mediated inactivation of mature and 
multispecies biofilms which are more clinically relevant and challenging to eradicate.  
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Present-day treatments of bacterial infections are based on compounds that aim to kill or inhibit 
growth of the bacteria. Two problems are recognized to be intrinsically associated with this 
approach: (A) the frequently observed development of resistance to antimicrobial compounds 
(25, 28, 149); and (B) the fact that all therapeutics are considerably less effective on bacteria 
growing as biofilm structures when compared to free-floating planktonic cells (190). In the 
recent years, LAD has emerged as a promising antimicrobial alternative for the disinfection of 
root canals. Compared to conventional antimicrobials, LAD has a considerable advantage in that 
the multiplicity of cellular targets makes the emergence of resistant strains against LAD highly 
unlikely. (32, 33, 34). To date, there have been many studies in literature that have evaluated the 
antibacterial efficacy of LAD, although not many studies have explored the relationship between 
factors such as strain variation and the mode of growth (planktonic, co-aggregates, biofilm) in 
influencing the susceptibility to LAD. The main objectives of this study were to examine the 
influence of bacterial growth modes on the susceptibility to LAD and to evaluate methods to 
potentiate the LAD-mediated inactivation of bacterial biofilms.  
A clinically valid and simple assay for microbial susceptibility testing could be based on a 
biofilm model. Generation of such biofilms in root canals of extracted teeth provides a more 
realistic scenario (191, 192) but the results may be confounded by the variation in root canal 
anatomy between teeth. Growing biofilms on standardized readily available surfaces eliminates 
these problems and allows a more accurate assessment of antimicrobial efficacy. Once the choice 
of antimicrobial agent has been rationalized using such a model, it may be tested in an ‘infected 
tooth’ model. The purpose of the present study was to use a standardized, reproducible, in vitro 
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biofilm model to evaluate the effectiveness of LAD against a gram-positive and a gram-negative 
species of bacteria. This model offers the advantage of allowing a large number of variables to 
be tested quickly and quantitatively. The data obtained from this experiment can form the 
baseline for the next stage of experiments on ex vivo models. 
In the present study, the main bacterial species under investigation was E. faecalis. E. faecalis is 
a gram-positive commensal bacterium normally associated with the gastrointestinal tract of 
humans. However, E. faecalis is also an opportunistic pathogen of increasing clinical 
significance, particularly as an etiological agent of nosocomial infections. The intrinsic antibiotic 
resistance of enterococci, coupled with their promiscuity in acquisition and dissemination of 
genetically mobile antibiotic resistance elements, presents serious challenges to the treatment of 
enterococcal infections. The reason for selecting this bacterium was that over the past few years, 
it has been the focus of increased interest in endodontics. The prominence of E. faecalis in root-
filled teeth with apical periodontitis has made it a focus of attention as a factor strongly 
associated with post-treatment infection. Portenier et al. have even described E. faecalis as the 
root canal survivor and ‘star’ in post-treatment infection (8). E. faecalis possesses a number of 
virulence factors such as aggregation substance (AS), enterococcal surface protein (esp), 
gelatinase, cytolysin toxin, extracellular superoxide production, capsular polysaccharides and 
antibiotic resistance determinant (8). These virulence factors are suggested to confer 
antimicrobial resistance, protect against macrophage-mediated killing, aid in biofilm formation 
and damage host tissues (8). Sundqvist et al. reported 45% microbial growth in teeth with post-
treatment apical periodontitis in which E. faecalis accounted for 38% of the teeth positive to 
culture (108).  In another study, Peciuliene et al. reported 83% microbial growth in teeth with 
post-treatment apical periodontitis of which 64% of the culture positive teeth had E. faecalis (7). 
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Similarly, there have been other studies that have reported E. faecalis as being the most common 
bacterial species isolated from teeth with post-treatment infection (8, 193). There is also a vast 
body of literature that has evaluated the efficacy of various root canal irrigants and medicaments 
against E. faecalis. There has been evidence to show that sodium hypochlorite cannot predictably 
eliminate E. faecalis from root canals (15, 193). Byström et al. reported that the highest degree 
of resistance among all bacteria against calcium hydroxide both in vivo and in vitro was 
exhibited by E. faecalis (28). Moreover, there have been reports that the presence of calcium 
hydroxide can increase the adhesion force and adherence of E. faecalis to type-I collagen (188). 
The other two bacterial species tested in the study were A. israelii and P. aeruginosa both of 
which have also been reported in teeth with post-treatment apical periodontitis (13).  
The first experiment in the study was conducted to evaluate the ability of a cationic 
phenothiazinium PS - MB and an anionic xanthene PS - RB to kill biofilm bacteria and to disrupt 
the biofilm structure. LAD relies on the formation of ROS, mostly singlet oxygen to kill bacteria. 
However, the ability of ROS generated during LAD to disrupt biofilm has not been studied in 
detail. The process of disrupting biofilm structure by LAD can be expected to depend upon the 
interaction of PS with the resident bacteria and biofilm structure. This is generally influenced by 
the physico-chemical characteristics of the EPS, resident bacteria and PS. It was observed from 
this experiment that LAD with MB as the PS produced superior ability to inactivate E. faecalis 
strains in a biofilm state when compared to RB. Gad et al. reported that the characteristics of 
extracellular slime play a significant role in determining the binding and intracellular penetration 
of PS that vary in charge (170). They reported that the uptake of an anionic PS was higher in 
slime producing strains than mutans while the killing was much less. This was attributed to the 
slime barrier trapping the PS on the outside of the cell owing to ionic or hydrophobic interactions 
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and thereby reducing the penetration of PS into the plasma membrane which is known to be an 
important site for LAD-mediated damage. Another reason could be the large amount of PS 
trapped in the slime layer acting as an optical shield by absorbing photons and reducing the 
number of photons reaching the PS located within the cell. This would result in extracellular 
ROS being generated that would fail to cause damage to the bacterial cell. On the other hand, it 
was reported that the uptake of cationic PS was more in the mutant strains and suggested that 
these compounds bind effectively to the anionic teichoic acids rather than the slime. The 
importance of the EPS in influencing the LAD susceptibility is re-inforced by our observation 
that the strain FA2-2 of E. faecalis that reportedly lacks the EPS matrix (164) was found to be 
most susceptible to LAD with both anionic and cationic dyes compared to the other two strains. 
Further, the effect of these PS on the structure of the biofilm following LAD was assessed by 
CLSM. Analysis of bacterial biofilms by this technique, yields stacks of digital images that can 
be combined to give a three-dimensional view of the biofilm. The CLSM analysis showed that 
the effects of LAD with MB and RB occurred predominantly in the outer layers of the biofilms 
leaving the innermost bacteria viable. This is consistent with the observations of Zanin et al. 
(182) who conducted LAD on biofilms of S. mutans using a combination of TBO and HeNe laser 
or LED light. This could be due to the inability of the PS to diffuse throughout the entire 
thickness of the biofilm. The results revealed that the multilayered mono-species biofilm formed 
by E. faecalis was disrupted by MB-mediated LAD along with significant inactivation of the 
resident biofilm bacteria. On the other hand, LAD with RB did not produce any obvious 
destruction of biofilm structure and resulted in lesser killing of the biofilm bacteria.  We 
observed that though RB can produce significant killing of gram-positive bacteria in a planktonic 
state, its ability to kill E. faecalis in a biofilm structure was noticeably less than that of MB. The 
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reduced efficacy of RB as a PS in the LAD-mediated inactivation of biofilms probably is 
because of the aggregation of PS on the bacterial cell wall and/or binding to the EPS of the 
biofilm. Therefore, it can be suggested that though anionic in nature, RB accumulated well 
within the biofilm structure but did not produce very significant killing of biofilm bacteria or 
disruption of biofilm structure. On the other hand, cationic MB interacted well with the biofilm 
bacteria and the biofilm structure leading to very significant killing of resident bacteria and 
disruption of biofilm structure. These experiments highlighted the advantage of cationic 
phenothiazinium PS such as MB to inactivate biofilm bacteria and disrupt biofilm structure.   
The second experiment showed that bacterial growth modes such as - planktonic, co-aggregated 
suspensions and biofilms, differentially affected the susceptibility of the tested bacterial species 
to LAD. It was observed from these experiments that bacteria in a co-aggregated suspension and 
the biofilm mode were significantly resistant to LAD compared to their planktonic counterparts. 
Consequently, with the tested strains of pathogens, a larger energy dose was required to 
eliminate bacteria in a co-aggregated suspension and in biofilms. Generally, the use of 
planktonic cultures for antimicrobial testing usually gives highly effective kills that do not 
correlate with clinical findings (191). The behavior of bacteria in biofilms is notably different 
from that in suspension and should be accounted for in any laboratory tests (194). Bacteria in 
biofilms also respond differently depending on their growth phase, the dose and the frequency of 
exposure to the antimicrobial agent (195, 196) which may be relevant to clinical endodontics. 
This is of particular importance as evidence has accumulated over the past few years that most of 
the chronic and recalcitrant bacterial infections in endodontics involve biofilms. Earlier studies 
have highlighted the inability of antibiotic combinations at larger than minimal inhibitory 
concentration (MIC) or maximum bactericidal concentration (MBC) for extended periods did not 
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inactivate bacterial biofilms (197). Inability to completely eradicate biofilms in proximity to host 
immune cells may result in persistent infection and/or subsequent re-establishment of infection, 
with probably more treatment-resistant resident bacteria.  
Bacterial aggregates and biofilms are said to be a common mechanism for the survival of 
bacteria in nature (179). Co-aggregation is highly specific and the interactions are dependent on 
existing surface molecules and not on a response by viable cells (198). Studies have shown that 
one mechanism by which colonization of treated root canals with E. faecalis in particular may be 
facilitated is via co-aggregation interactions with other species in the infected root canal (174). 
The tested strains of E. faecalis used in the experiments received positive co-aggregation scores 
with AI based on the visual co-aggregation assay. The main drawback of using this visual co-
aggregation assay is that it is less sensitive and subjective. The advantage however is that it is a 
simple and efficient way to identify co-aggregation pairs. It was observed that upon subjecting 
this co-aggregated suspension to LAD, the survival of E. faecalis was significantly enhanced 
when compared to E. faecalis alone in suspension. Co-aggregation and co-adhesion are thought 
to contribute to biofilm formation by fostering mutualistic interactions between juxtaposed cells 
(199) and by providing more diverse attachment sites for planktonic bacteria to adhere to the 
developing biofilm surface (200). 
The results of this experiment showed that the biofilm mode of growth offered the greatest 
resistance to LAD in both E. faecalis and P. aeruginosa. It has been reported that the resistance 
to antimicrobial agents has been found to amplify more than a thousand times for microbes in the 
biofilm mode of growth, when compared to planktonic cells (190). The resistance of biofilms to 
antimicrobials may be attributed to the resistance associated with the EPS which may include 
inactivation, restricted penetration and retention of antimicrobials within the matrix. In addition, 
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the EPS is thought to maintain the biofilm architecture and function as a matrix, or glue, holding 
the biofilm cells together and protecting them from shear forces in fluid environments (201). In 
mature biofilms, there is also the resistance associated with growth rate and nutrient availability 
due to an increase in nutrient and gaseous gradients. Another reported finding is the resistance 
associated with the phenotypic and genotypic variation of biofilm bacteria such as the 
specialized survivor cells called “persister cells” which are phenotypic variants capable of 
regenerating the original population following an antimicrobial assault (104).  Over the last few 
years, Lewis and his co-workers have evaluated the role of persisters in biofilm resistance (104). 
Although, studies have shown the increased resistance of biofilms to antimicrobials compared to 
planktonic-logarithmic growth phase cells which is in agreement with our results (202, 203), 
Spoering and Lewis in 2001 showed that planktonic stationary-phase cells of P. aeruginosa are 
somewhat more tolerant than biofilms. This increased resistance to killing was attributed to slow 
growth and high levels of persisters produced in the stationary phase of planktonic populations 
(204).  
The efficiency of LAD may depend on the environmental and microbiological factors at the site 
of infection. As discussed earlier, gram-positive and gram-negative bacteria have profound 
differences in their three-dimensional architecture. Studies have shown that unlike gram-positive 
bacteria, gram-negative bacteria are less susceptible to LAD due to the membrane barrier that 
prevents uptake of anionic and neutral PS (205). This difficulty in LAD of gram-negative 
bacteria can be overcome by using positively-charged cationic PS such as MB. To corroborate 
this, the results of our experiments showed that the penetration of the PS into P. aeruginosa 
biofilms did not present a significant problem. On the contrary, the effect of the PS alone (dark 
toxicity) on P. aeruginosa biofilms in some instances was seen to be higher than on biofilms of 
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the gram-positive E. faecalis. The presence of a very small population of persister cells may be a 
contributing factor in the dose-dependent resistance of P. aeruginosa biofilms to MB-mediated 
LAD. 
Calcium hydroxide was incorporated into the experiments alongside LAD for comparison as this 
medicament is widely used in endodontics and considered as one of the ‘gold standards’ of 
endodontic medicaments. It was observed that biofilm-derived suspensions of E. faecalis were 
susceptible to inactivation by both calcium hydroxide and LAD even without the incorporation 
of an EPI. This susceptibility to inactivation by both modalities of treatment was similar to that 
seen with planktonic cells. This implied that the biofilm-derived cells did not express 
phenotypically different characteristics from the corresponding planktonic cells that would make 
them any more resistant to LAD-mediated inactivation. In contrast, biofilms of E. faecalis were 
considerably resistant to calcium hydroxide with a small fraction of cells (4 to 5 log10 CFU/mL) 
persisting even after a 24 hour exposure to saturated calcium hydroxide. LAD on the other hand 
resulted in complete inactivation of E. faecalis biofilms at the highest tested energy dose. These 
results indicated that MB-mediated LAD of E. feacalis biofilms resulted in greater bacterial 
inactivation than with the use of any tested concentration of aqueous calcium hydroxide for 
exposure times of up to 24 hrs. The difference in susceptibility of biofilms and the biofilm 
derived suspensions to inactivation by these two modalities of treatment indicates the importance 
of the role of the extracellular matrix in conferring significant antimicrobial resistance to a 
biofilm. The matrix plays an important role in retarding the diffusion of the antimicrobial agent. 
Chemical changes to the environment in the biofilm where lack of oxygen may inhibit the 
efficacy of LAD and accumulated acidic waste may lead to a difference in pH which has an 
antagonizing effect on the action of calcium hydroxide. In addition, biofilm bacteria also protect 
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themselves by being located within the interior part of the biofilm – hence the antimicrobial 
agents will act only on the bacteria in the peripheral regions. Also, the presence of persister cells 
as mentioned earlier which are increasingly being credited with the persistence of biofilms 
following antimicrobial therapy. The use of EPI’s enhanced the killing of E. faecalis biofilms by 
MB-mediated LAD and with the use of lower concentrations of calcium hydroxide
.
 However, the 





Since calcium hydroxide kills bacteria through the effects of the hydroxyl ions, its efficacy 
depends largely on the availability of these ions in solution which in turn is dependent on the 
vehicle in which the calcium hydroxide is carried. Most studies using an infected tooth model 
have reported that calcium hydroxide is ineffective against E. faecalis (147, 153). Evans et al. 
reported that a functioning proton pump with the capacity to acidify the cytoplasm is critical for 
the survival of E. faecalis at high pH (149). They showed that addition of a proton pump 
inhibitor resulted in a dramatic reduction of cell viability of E. faecalis in calcium hydroxide. In 
environments of extreme pH, bacterial cells have to maintain pH homeostasis in which the 
internal pH is in a range that maintains normal enzyme and protein function (206). The pH 
homeostasis is based on two principal components: a passive function consisting of low cell 
membrane permeability to ions and a buffering ability of the cytoplasm; and an active 
mechanism that functions mainly through the controlled transport of cations across the cell 
membrane (206). In acidic environments, a cation antiport system is thought to raise the internal 
pH by expelling protons across the cell wall. In an alkaline medium, cations/protons are pumped 
into the cell to lower the internal pH (206).  
In the bacterial world, both primary calcium pumps and secondary calcium/proton exchange 
systems are used for the extrusion of cytosolic Ca2+. Kobayashi et al. had earlier reported that E. 
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faecalis unlike other bacteria, contains an ATP-linked calcium pump that expels Ca2+, probably 
by electroneutral exchange for protons (207). They reported that the distribution of Ca2+ between 
cytoplasm and the surrounding medium is a function of the pH of the two compartments. A 
cytoplasmic pH near neutrality allows the cells to maintain low Ca2+ levels whereas a strongly 
acidic cytoplasm favors Ca2+ accumulation. They documented that ATP-linked Ca2+ extrusion 
can generate a Ca2+ gradient such that the cytoplasmic level is lower than that of the surrounding 
medium. In order to evaluate the role of an ATP-driven Ca2+ pump, we used verapamil, a 
calcium channel blocker as well as an inhibitor of ionmotive ATPases to block the pump and 
inhibit Ca2+ uptake by the bacterial cells. Thereby,  in addition to having properties of efflux 
inhibition, verapamil could also, as in eukaryotic cells act as an inhibitor of potential Ca2+ 
channels and thereby affect the intracellular concentration of Ca2+. Our results showed that only 
in combination with lower concentrations of calcium hydroxide (pH 11), the bactericidal effect 
was significant. Presumably, when the environmental alkalinity reaches pH 11.5 or above, this 
protective mechanism is overwhelmed.  
Among the various mechanisms adopted by microorganisms to resist the toxic effects of 
antibiotics and other chemicals, active efflux of drugs is one of them. In particular, biofilms are 
known to express efflux pumps more significantly than planktonic cells (138, 139). The intrinsic 
resistance of enterococci to certain antibiotics is attributed to genes that encode MEP. Thirty-four 
potential multidrug resistance-encoding genes have been reported in E. faecalis (208), among 
which a large number (23 transporters) are suggested to be ATP-binding cassette (ABC) 
multidrug transporters. There have been recent reports that E. faecalis expresses an MEP of the 
ABC transporter class termed EfrAB (209) and also expresses an MEP from a different class 
MFS named emeA that is a homolog of NorA from S. aureus (210). These studies have shown 
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that chemicals such as reserpine, verapamil and sodium-o-vanadate, which are known inhibitors 
of ABC efflux pumps were able to inhibit these MEPs. Tegos and Hamblin reported that 
phenothiazinium antimicrobial PSs are substrates of MEP (45). Incorporating an inhibitor of 
MEP can dramatically potentiate LAD when the PS is a substrate of the MEP in question (46). 
The findings from this experiment demonstrated that the addition of verapamil along with MB 
increased the LAD of E. faecalis biofilms. The body of literature on inhibitors of bacterial efflux 
is growing. An understanding of the factors required to inhibit pumps in general has not yet been 
attained but as more inhibitors are found and characterized, discoveries can be applied to further 
explore and understand relevant issues. The lure for EPIs may lie in the potential for this adjunct 
therapy of efflux inhibition to be used in combination with an existing antimicrobial treatment 
modality.  
In the third experiment, the focus was entirely on the biofilm mode of growth and evaluation of 
methods to potentiate the anti-biofilm efficacy of LAD. LAD with MB in modified formulations 
was tested against gram-positive E. faecalis and gram-negative P. aeruginosa. Earlier studies 
have shown that a MB-based MIX formulation had a better photo-oxidation potential as well as 
better diffusion into the dentinal tubules (37). The MB-based emulsion formulation was shown to 
be an effective PS formulation for photo-oxidation, increased rate of singlet oxygen generation, 
disruption of biofilm structure along with inactivation of biofilm bacteria (125). The results of 
this experiment showed that the order of effectiveness of the different PS formulations in 
eradicating E. faecalis and P. aeruginosa biofilms was of the order: MIX + emulsion > MIX > 
water. It has been previously shown that when a water-based PS solvent is used to sensitize 
bacteria, a major portion of the PS binds to and aggregates at the outer membrane of bacteria 
(37). Subsequently, the aggregated MB lowers the quantum yield of singlet oxygen resulting in 
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decreased bacterial killing. With the water-based MB formulation, it was observed that a smaller 
percentage of E. faecalis biofilm bacteria survived LAD when compared to P. aeruginosa 
biofilms at the highest tested energy dose. However with the use of the modified MB 
formulations this difference in susceptibility between the two bacterial species was much less 
apparent and the MIX and emulsion-based formulation was effective in completely inactivating 
both E. faecalis and P. aeruginosa biofilms at the smallest tested energy dose. This observation 
can be explained by studies which have reported that P. aeruginosa is sensitive to both alcohol 
and hydrogen peroxide (184). These agents were reported to permeabilize the cell envelope of P. 
aeruginosa. This would then lead to effective penetration of cationic MB into the cell, resulting 
in effective killing. Previous studies have shown the effectiveness of hydrogen peroxide in 
disrupting biofilms from surfaces (185). Hence incorporation of this oxidizer into the MB-based 
emulsion resulted in effective breakdown of biofilms of both E. faecalis and P. aeruginosa. The 
CLSM analysis showed the multilayered mono-species biofilms of E. faecalis and P. aeruginosa 
subjected to LAD with MB in three formulations. LAD with MB in a water-based formulation 
produced inactivation of the resident biofilm bacteria indicated by the presence of red 
fluorescence and a partial reduction in the thickness of the biofilm structure. In comparison, 
LAD with MB in a MIX-based formulation caused an increased inactivation of the biofilm 
bacteria along with significant disruption of the biofilm structure. The use of a MIX+ emulsion 
combination formulation resulted in a severe breakdown of the biofilm structure and the most 
significant inactivation the resident bacteria. The superior bactericidal action could be caused by 
the complementing function of oxygen carrier that ensures adequate concentration of oxygen and 
as described, an oxidizer that degrades the biofilm matrix, thus facilitating the penetration of PS 
into the biofilm. Overall, the results highlighted the ability of MB to interact well with the 
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biofilm bacteria and the biofilm structure leading to significant inactivation of resident bacteria 
and destruction of biofilm structure, the degree of which was dependant on the nature of the PS 
formulation used.  
In the last experiment, an in vitro bio-molecular model was used to test the efficacy of LAD 
using MB in different formulations against E. faecalis biofilms. The previous experiments 
evaluated LAD against biofilms grown on a polystyrene substrate. But this does not represent the 
true nature of bacteria-substrate interaction in nature. Adhesion to and colonization of the host by 
microorganisms are the first steps in the establishment of most infectious diseases, after which 
pathological changes occur. In endodontic infection, dentinal tubule colonization by E. faecalis 
has been shown to occur through adhesion of the bacterium to collagen, the main organic 
component of the dentine (11). Root canal disinfection protocols involving the use of chemicals 
such as EDTA, result in the removal of the inorganic calcified phase, thus exposing the organic 
phase which consists mostly of Type-I collagen. The propensity for bacteria to adhere to surfaces 
may determine the likelihood of biofilm-mediated infection (188). E. faecalis possesses a 
collagen-binding proteinaceous adhesin named Ace, which is produced by the bacterium at 
stressful growth conditions or during human infections (211, 212). Ace is an important factor in 
the adhesion of E. faecalis to dentine (213). In this experiment, poly-L-lysine and Type I 
collagen were applied on the inner surface of polypropylene pipette tip specimen with a 
microbrush, stained and examined under a light microscope to determine consistency of 
application. This bio-molecular film was thought to act as a substrate on which the mono-species 
E. faecalis biofilm could form uniformly throughout the entire length of the specimen. The 
results of this experiment were in agreement with the previous chapter (Chapter 5) and showed 
that the order of effectiveness of the different PS formulations in eradicating E. faecalis and 
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biofilms was of the order: MIX + emulsion > MIX + PFC > water. Thus this experiment 
emphasized the importance of using a biofilm disrupting agent (MB-based emulsion) in 
maximizing the LAD of E. faecalis biofilms.  
The results from this study answered the research question that bacterial growth modes indeed 
affect the susceptibility to LAD and that bacteria growing as biofilms are the most difficult to 
eliminate. LAD with cationic phenothiazinium PS was seen to be significantly more effective 
than LAD with anionic PS in inactivating and disrupting bacterial biofilms. Further, the results 
also showed that it is possible to potentiate the anti-biofilm efficacy of LAD by either 
incorporating an EPI into a phenothiazinium PS formulation or by the use of modified 
formulations with improved photophysical and photochemical properties. The use of a biofilm 
disruption agent as an irradiation medium in a LAD treatment regimen such as an emulsion of an 
oxygen carrier and oxidizer in a detergent can effectively disrupt the biofilm structure of both 
gram-positive and gram-negative bacteria. However, there is a need for further in vitro and in 
vivo studies to evaluate the cytotoxicity of these formulations in order to establish its safety for 
use in future studies. This combination of modified PS and irradiation medium can also 
simultaneously be evaluated in ex vivo models against multispecies biofilms that are more 
clinically realistic.  
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• LAD using cationic phenothiazinium PS like methylene blue and toluidine blue was more 
effective in inactivating and disrupting biofilms of E. faecalis compared to the anionic 
xanthene PS rose bengal.  
• Bacterial growth modes such as, planktonic suspensions, co-aggregated suspensions and 
biofilms, influenced the susceptibility of gram-positive E. faecalis and gram-negative P. 
aeruginosa to LAD. The biofilm mode of growth offered the greatest resistance to LAD in 
both species of bacteria.  
• MB-mediated LAD of E. feacalis biofilms resulted in greater bacterial inactivation than 
with the use of any tested concentration of aqueous calcium hydroxide for exposure times 
of up to 24 hrs. The use of EPIs enhanced the killing of E. faecalis biofilms by MB-
mediated LAD and with the use of lower concentrations of calcium hydroxide
.
 However, 




when compared to calcium hydroxide.  
• There was no significant difference in the biofilm susceptibility of E. faecalis and P. 
aeruginosa to LAD with MB in the modified formulations. The order of effectiveness of 
the different MB-based PS formulations in eradicating E. faecalis and P. aeruginosa 
biofilms was of the order: MIX + emulsion > MIX > water.  
• MB-mediated LAD demonstrated bactericidal action on in vitro E. faecalis biofilms, 
presenting complete elimination when illuminated by a diode laser at 40 J/cm2 and with 
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MB concentrations of 100 µmol/L in a MIX formulation followed by an emulsion during 
irradiation.  
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As of now LAD is considered not an alternative but a possible supplement to the existing 
protocols for root canal disinfection. To further optimize the potential of LAD, more studies are 
warranted in this area of research.  
o Further studies can be carried out in ex vivo models to evaluate the LAD-mediated 
inactivation and disruption of mature and multi-species biofilms which are more 
clinically relevant and challenging to eradicate.   
o The PS dosimetry, light irradiation parameters and cytotoxicity of PS formulations for 
LAD can be further evaluated in ex vivo models to determine the optimum therapeutic 
parameters required for effective root canal disinfection but at the same time not pose any 
toxic or thermal hazards to the surrounding periapical tissues or cause host tissue damage. 
The results from these studies may serve as a baseline for conducting future clinical 
studies.  
o A prolonged irradition time is not practical in a clinical situation. Increasing the power of 
the light source will substantially reduce the irradiation time required for LAD since 
fluence is the product of the irradiation time and laser power divided by the area of 
irradiation. These parameters need to be further evaluated in in vivo models to arrive at an 
LAD protocol that would achieve maximum bacterial killing in the shortest possible time.  
o Currently there is a need for more in vivo studies which include animal model studies and 
human clinical studies in the field of LAD. These studies can evaluate the bactericidal 
potential of LAD, biofilm eradication, cytotoxicity to the periapical tissues and thermal 
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effects in surrounding tissues. Other ways to improve LAD include the development of 
new PS, as well as the optimization of LAD protocols such as fractionation of light or 
drugs.  
o We are living in the age of evidence-based medicine. Any new concepts and techniques 
to be used in the clinic should ideally be assessed in randomized controlled clinical trials 
against their respective gold standards. Well-designed clinical trials that involve 
selectively localized PS and convenient light sources will also improve the prospects for 
the use of LAD in endodontics.  
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